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PREFACE 

In the six years which have elapsed since the publication of the 
first edition of this book, organic chemistry has advanced on many 
fronts. A thorough and extensive revision of a textbook therefore 
presents many problems. The treatment of the subject must be 
brought up to date not only in order to insure the accuracy of all 
statements but in order that the student may see at least from a 
distance where the battle now rages. Recent discoveries have 
undoubtedly a pedagogic value by virtue of the fact that they are 
recent. This is particularly true if these new developments have 
either industrial or biological implications. The trend of research 
in organic chemistry during the last decade has been more and 
more in the direction of either biological chemistry or in the appli- 
cation of physical chemistry to the study of organic reactions. In 
adding new material we have had this trend in mind. However, 
we have neither overlooked the industrial advancements, nor the 
development of those new organic reactions which are rapidly 
finding application in synthetic and structural research. To find 
space for the new additions, certain sections of the first edition have 
been condensed and the consideration of a few subjects omitted. 

Since it is of the utmost importance that a beginner be intro- 
duced to this complex science by slow stages, we have not con- 
densed the rather extensive exposition of the basic principles 
characteristic of the first dozen chapters of the first edition. We 
have continued to stress the experimental basis of the structural 
theory; we have sought to show the student how to use his knowl- 
edge in solving simple problems of structure and synthesis. The 
seventh chapter, which deals with methods of determining struc- 
ture and with methods of synthesis, has been retained with a few 
corrections and additions because it provides an opportunity of 
reviewing the fundamental principles presented in the first six 
chapters. 

In this new edition the nitriles are considered together with the 
amines and amides. The separate chapter on hydrocyanic acid 
is omitted. Space is thus saved without eliminating important 
material. Throughout the revision we have tried to balance the 


VI 


PREFACE 


importance of each portion of the material characteristic of the 
usual elementary textbook against the significance to the student 
of such new developments as the elucidation of the structure of 
the sterols. With an increase in the number of pages of only five 
per cent we have thus succeeded in including much new material 
on the hormones, vitamins, sugars, proteins, and certain other 
substances of importance to the biochemist. 

A consideration of alicyclic compounds has been postponed until 
after the aromatic polynuclear compounds have been treated. 
This arrangement was essential if the chemistry of the sterols and 
bile acids was to be considered. Quite apart from the biochemical 
and medical significance of many substances containing a hydro- 
genated phenanthrene nucleus, they afford an excellent medium 
by which the student may become familiar with the use of rela- 
tively simple reactions in the study of complex compounds. This 
chapter is full of illustrations of special uses of general reactions 
of aliphatic chemistry. It also provides some interesting examples 
of a type of stereoisomerism which we have elaborated in the 
introductory chapter (XXVI) on alicyclic compounds. 

Our use of the electron theory of valence wiiich in the first 
edition centered around the chemistry of nitrogen compounds has 
been extended. The concept of resonance is introduced in con- 
nection with the study of the guanidinium ion. We have made 
repeated use of this idea in treating aromatic compounds in the 
later portions of the book. The approach to this difficult subject 
has been experimental rather than theoretical. We have made no 
attempt to explain wave-mechanics, but we have emphasized the 
non-existence of electronic isomers which correspond to the two 
Kekule formulas for benzene derivatives and the several struc- 
tures which may be written for a substituted guanidinium ion. 
The student’s attention is repeatedly drawn to the fact that asso- 
ciated with the absence of electronic isomers is increased stability 
of the molecule as shown by shortened inter-nuclear distances 
(X-ray analysis) and by the energy relationships (basic or acid 
strength and heats of formation). 

The chapter on heterocyclic compounds (Chapter XXVIII) is 
essentially new. It is an attempt to present in brief the funda- 
mental principles of this extensive and varied class of substances 
from the point of view of their behavior and methods of synthesis. 
The idea of resonance energy and the distinction between aromatic 
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and partially hydrogenated aromatic compounds seem to us helpful 
guides through this complex field. The following chapter on 
drugs (XXIX) makes use of the more important reactions included 
in this general chapter. In dealing with both aromatic hetero- 
cyclic compounds and polynuclear aromatic homocyclic com- 
pounds we have employed formulas in which the double linkages in 
the rings are shown. In the case of benzene and its derivatives, 
on the other hand, we have employed the conventional outline 
formula. We believe this distinction is sound as a practical 
matter, though we have taken pains to point out to the student 
(p. 454) the problem that is involved in attempting to decide 
where to place the symbols for unsaturation in aromatic rings. 
The formulas we have employed for such compounds as naphtha- 
lene and phenanthrene derivatives, for example, correspond to 
certain experimental facts connected with the behavior of these 
substances. On the other hand, to write similar formulas with 
double bonds for such benzene derivatives as ortho cresol, is not 
possible ; in this series there are no reactions which may be regarded 
as characteristic of one of the two isomeric arrangements of double 
linkages. 

A brief resume of the evidence for the size of the ring in simple 
sugar derivatives has been included in the chapter on carbo- 
hydrates. The stereochemical treatment of the sugars is still 
kept in the concluding chapter. Many teachers may wish to turn 
to this portion of the book while studying Chapter XVII. Others 
may feel that if time is limited other material is more important 
in these days despite the time-honored tradition of requiring 
students to memorize the methods of determining the configura- 
tion of the pentoses. The recent success which has attended the 
study of Walden’s inversion seemed to warrant a more extended 
treatment of this subject in the last chapter; this will, however, 
probably be read only by advanced students. The last two 
chapters, in particular, provide ample opportunity for a choice of 
topics, since with them the book includes more material than could 
be covered normally in one year. 

James B. Conant 

Max Tishlee 

Cambridge, Massachusetts 
Rahway, New Jersey 
February 16, 1939 
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THE CHEMISTRY OF 
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FOREWORD 

Organic chemistry is the chemistry of the compounds of carbon. 
At first sight, it seems strange that one element should be singled 
out for special attention, and stranger still, perhaps, that this 
branch of chemistry should be considered important enough to 
be one of the two major divisions of the subject. No other ele- 
ment shares this honor with carbon; all the rest of chemistry is 
classed together under the one heading, — inorganic chemistry. 

The origin of the name suggests one of the reasons for the 
importance of organic chemistry: originally the science dealt with 
the products of plant and animal life. It was long believed that 
these were in some mysterious way different from the lifeless rocks 
and minerals with which inorganic chemistry dealt. The dis- 
tinction was shown to be false by the synthesis from inorganic 
materials of several natural products. This barrier between the 
two chemistries was thus broken down and it was recognized 
that the fundamental laws and principles of both were identical. 
Since almost all the important substances produced by animate 
nature contain carbon, the name organic chemistry was trans- 
ferred to the study of the compounds of this element. 

Thus, from its earliest beginnings to the present, organic 
chemistry has been closely associated with the study of life itself. 
In many cases it is impossible to mark off organic chemistry 
from biochemistry, and this, in turn, from physiology. For this 
reason, a knowledge of organic chemistry has been indispensable 
to progress in many branches of biology. The connection with 
medicine has been twofold: on the one hand, through physiology 
and physiological chemistry, on the other, through pharma- 
cology, The organic chemist’s study of such natural drugs as 
cocaine has led to the synthesis of simpler substances with similar 
or superior pharmacological action. Today in many medical 
schools, hospitals and research institutes, the doctor, the phys- 
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iologist and the organic chemist are cooperating in a study of the 
varied problems confronting the medical profession. 

From physiology to the coal tar dye industry seems a far cry, 
but it is not so in reality. Coal tar is a mixture of carbon com- 
pounds; from them the chemist has prepared a multitude of new 
substances of scientific and practical importance. At his bidding, 
the new coal tar dye industry sprang up. It now supplies prac- 
tically all the dyes in use and, in addition, many drugs, perfumes, 
flavors, photographic developers and high explosives. The study 
of these synthetic coal tar products has gone hand in hand with 
the investigation of plant and animal substances. Knowledge 
gained in the one field has been applied to the other, often by the 
same man. The most distinguished organic chemist of the last 
generation, Emil Fischer, was able to make rapid progress in the 
study of the sugars largely because of a discovery made in an 
investigation of certain compounds prepared from coal tar. He 
will be remembered for the investigation of varied natural prod- 
ucts and also as a pioneer in the study of coal tar dyes. 

In listing the important aspects of organic chemistry, petroleum 
must not be overlooked. This complex mixture of organic com- 
pounds has yielded primarily fuel, at first for lamps, and now for 
the internal combustion engine and the oil-burning steam engine. 
The organic chemistry of this raw material was slow in developing. 
But today, a number of new and useful compounds are being pre- 
pared from petroleum and natural gas. 

From an industrial point of view, the chemistry of plant and 
animal products is also important. The production of auto- 
mobile tires from rubber, a complex plant product, is an enormous 
chemical industry in itself. The manufacture of many common 
substances, such as vinegar, soap, corn syrup and “ vegetable 
fats 77 (hydrogenated oils) are examples of applied organic chem- 
istry. So also is the transformation of cotton into artificial silk, 
automobile varnish, moving picture films and smokeless powder. 

Many of those who make the acquaintance of organic chem- 
istry on their way to other callings will be impressed chiefly by 
the applications of the science to medicine or to technology. 
The success and importance of these applications loom large in 
the public eye, and the organic chemist has reason to be proud 
of them. He knows, however, that they would have been impossi- 
ble if the science itself had not developed in a rather remark- 


FOREWORD 


3 


able and spectacular way in the last part of the nineteenth cen- 
tury, and continued to expand on the sure foundations which 
were then laid. This science seems to many a more remarkable 
achievement of the human brain than its technical applications. 
The two cannot really be separated, however, as even an ele- 
mentary study of the subject will demonstrate. Both have 
been kept in mind in the writing of this book in order to give a 
true picture of the varied and fascinating ramifications of organic 
chemistry. 


CHAPTER I 


THE ALCOHOLS 

Composition of Ethyl Alcohol. Ethyl alcohol is a substance 
of such great practical importance that we may well choose it as 
the starting point in a study of organic chemistry. Later, we 
shall consider its industrial significance and the commercial 
methods of preparation. For the present, let us center our 
attention on a chemical investigation of its constitution. The 
first step in such a study involves the careful purification of the 
compound, and the second, the qualitative and quantitative 
analysis. A discussion of these fundamental methods will be 
found in a laboratory manual of organic chemistry and we may 
therefore turn directly to the results. Pure ethyl alcohol is a 
liquid boiling at 78°; a quantitative analysis shows that it con- 
tains carbon, hydrogen and oxygen in such amounts as correspond 
to the existence of two carbon atoms, six hydrogen atoms and one 
oxygen atom. 


The Determination of the Empirical Formula of Ethyl Alcohol 
Results of Quantitative Analysis 


Element 

Per 

Cent 

Atomic 

Weight 

Atomic 

Ratio 

Ratio op Atoms 

Carbon 

52.18 

~ 12 

- 4.35 

4.35 -4- 2.17 - 2 

Hydrogen 

13.04 

~ 1 

= 13.04 

13.04 + 2.17 = 6 

Oxygen 

■34.78 

16 

= 2.17 

2.17 ~ 2.17 = 1 


The empirical formula is therefore C 2 H 6 0. Such a formula 
tells us only the relative number of atoms in the molecule. To 
establish the molecular formula of a compound it is necessary to 
have information in regard to the molecular weight. A deter- 
mination of the molecular weight (the third step in the investiga- 
tion) is readily accomplished by finding the density of the vapor, 1 

1 The molecular weight may also be determined by noting the depression in the 
freezing point (or elevation in the boiling point) of a suitable solvent in which a 
weighed amount of the substance has been dissolved. The principle of this method 
is explained in textbooks of elementary general chemistry. 
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The results of many such experiments have shown that the 
molecular weight of ethyl alcohol is 46. The molecular formula 
of ethyl alcohol is therefore C 2 H 6 0 (2 X 12 + 6 + 16 = 46). 

Isomerism. In an elementary study of inorganic chemistry 
we should hail this result with satisfaction, since the determina- 
tion of the kind and number of atoms in the molecule is usually 
sufficient to establish an adequate formula; for example NH 3r 
HC1, H 2 O 2 . These are called molecular formulas. Quite the 
contrary is the case in organic chemistry: such formulas are 
inadequate in dealing with the compounds of carbon. This 
may be illustrated by a simple example. Methyl ether, a gas 
related to the ether used in anesthesia, has exactly the same per- 
centage composition and the same molecular weight as ethyl 
alcohol. Therefore it must be also represented by the formula 
C 2 HeO. There can be no doubt about the difference between 
these compounds, since one is a liquid boiling at 78° and is soluble 
in water, while the other is a gas at room temperature and is 
insoluble in water. Their chemical reactions are also entirely 
different. Two compounds which have the same molecular formula 
are said to be isomers; the phenomenon is known as isomerism. 

The Necessity for Structural Formulas. Isomerism is very 
common in organic chemistry. For example, twenty-six isomers 
with the formula C 8 Hi 4 0 have been prepared and their properties 
recorded. It is obvious that unless the organic chemist is able 
to write formulas w r hich represent the differences between isomers, 
he is in a hopeless position. It was not until about the middle of 
the last century that a satisfactory method of formulating organic 
compounds was developed; before this time the chemistry of the 
carbon compounds was in a confused state. After the introduction 
of structural formulas, organic chemistry advanced by leaps and 
bounds. The chief name associated with the remarkable advance- 
ment in this field of chemistry is that of KekulA 1 

The Theory of Linkages. The theory which was advanced to 
explain the differences between the various isomers may be called 
the theory of atomic linkages. This assumes that isomerism 
is due to the different ways in which the same atoms are joined 
together in the molecule. The organic chemist, thus, seeks to 
express in his structural formulas not only the number and kinds 

1 Friedrich August Kekul6 (1829-1896). Professor of Chemistry at the Uni- 
versity of Bonn. 
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of atoms in the molecule but the way in which they are linked 
together. In other words his formulation must represent the 
structure of the compound. Let us see how this may be done in 
the case of ethyl alcohol. 

Hydroxyl Group in Alcohols. Ethyl alcohol is very similar 
to water in many of its chemical properties, as is illustrated by 
the following reactions with metallic sodium and phosphorus 
trichloride : 

(a) 2H 2 0 -f 2Na — > 2HONa + H 2 , 

1 * (b) 2C 2 H 6 0 + 2Na — ^ 2C 2 H 5 ONa + H a , 

(a) 3H 2 0 -h PC1 3 — -> 3HC1 + P(OH) S| 

2 ‘ (b) 3C 2 H 6 0 + PCb — > 3C 2 H 6 C1 + P(OH) 3 . 

It will be noticed that in the first two reactions, sodium hydroxide 
and a compound, C 2 H 5 ONa (sodium ethylate), are formed by the 
replacement of one hydrogen of the molecule. In the second set of 
reactions, the phosphorus atom becomes attached to an hydroxyl 
group which in one case has been removed from water and in the 
other must come from the alcohol. The facts of inorganic chem- 
istry show that the atoms in the water molecule must be arranged 
H — G— H; the existence of the hydroxyl group (OH) is evident. 
Since the phosphorous acid is formed from alcohol as well as from 
water (equations 2a, 2b), we may conclude with considerable 
assurance that ethyl alcohol has an hydroxyl group. 

These two reactions are also characteristic of another well- 
known substance, — methyl alcohol. This compound (commonly 
called wood alcohol) has the molecular formula CH 4 0 as deter- 
mined by the analysis and vapor density of a carefully purified 
sample. Since it reacts with sodium evolving hydrogen, and with 
phosphorus trichloride forming phosphorous acid, P(OH) 3 , we con- 
clude that it also contains an hydroxyl group. We may, there- 
fore, write the formulas CH s OH for methyl alcohol and C 2 H 5 OH 
for ethyl alcohol. These formulas, however, are still not per- 
fectly clear. How are the carbon and hydrogen atoms arranged 
in the groups CH 3 and C 2 H 5 ? 

Structure of Methyl and Ethyl Alcohols. The founders of the 
structural theory have assumed that in organic compounds carbon 
always has a valence of four, oxygen of two, and hydrogen of one. 
With this as a basis the question raised concerning the structure of 
methyl alcohol is easily answered. There is only one possible 
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arrangement of the atoms in CH 3 OH, and that is, the three hydrogen 
atoms must be attached to the lone carbon and this, in turn, must 
be bound to the hydroxyl group. Thus we have a complete 
structural or graphical formula: 

H 

{ 

H-C-O-H. 

I 

H 

The dash ( — ) whether vertical or horizontal stands for a valence 
bond," a link, which joins the atoms together. There are four 
bonds from the carbon atom, two from the oxygen atom, and only 
one from each hydrogen atom. Applying the same principles, 
the complete structural formula of ethyl alcohol is: 

H H 
I i 

H-C-C-O-H. 

I I 
H H 

By attempting to write a variety of structural arrangements for 
ethyl alcohol it is easy to convince oneself that there is only one 
way of writing C 2 H 5 OH, provided that the valence of hydrogen 
is one, oxygen two, and carbon four. It is, of course, immaterial 
whether the formula be written from right to left or left to right 
or at what angle the various atoms are connected. The structural 
formula simply says that the two carbon atoms in ethyl alco- 
hol are joined to each other, and that one is attached to three 
hydrogens, the other to two hydrogen atoms and the hydroxyl 
group. 

Writing Structural Formulas. A study of a great variety of 
organic compounds has made certain the original assumption in 
regard to the valence of carbon, oxygen and hydrogen. Carbon 
always has a valence of four, except in a few very unusual sub- 
stances. Therefore, in writing structural formulas we must 
arrange the atoms in such a way that each carbon atom always 
is connected with four linkages, oxygen with two, and hydrogen 
with one. Every formula should be tested by noting the valence of 
each atom. 

Structure of Methyl Ether. Methyl ether, spoken of above as 
the isomer of ethyl alcohol, reacts neither with phosphorus tri- 
chloride nor with sodium; therefore, it has no hydroxyl group. 
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It has the following formula, which, it is easy to see, represents 
a molecule of an entirely different nature from that of ethyl 
alcohol This case of isomerism is thus explained satisfactorily 
by the structural theory: 

H H 

i I 

H — C-O-C-H. 

I I 

H H 

methyl ether 

The Alcohols as a Class of Compounds. Besides the well- 
known methyl and ethyl alcohols, there are a great many other 
substances which are called alcohols by the organic chemist. 
They all show the reactions which we have learned are charac- 
teristic of an hydroxyl group, and their structural formulas, 
therefore, must show the linkage — O—H. They form a graded 
series with an increasing number of carbon atoms. Such a 
series of compounds is called an homologous series and is illustrated 
below. 


Name 

General 

Formula 

Difference 

Number of Isomers 

Methyl alcohol 

CH 3 OH 

^>ch 2 

one substance 

Ethyl alcohol 

c 2 h 5 oh 

^>ch 2 

one substance 

Propyl alcohols 

c 3 h 7 oh 

)>ch 2 

two substances 

Butyl alcohols 

C 4 H 9 OH 

^>cii 2 

four substances 

Amyl alcohols 

C5H110H 


eight substances 


We may define an homologous series as a series of similar com- 
pounds in which each member differs from the one beloio it and the 
one above it by CH«. It will be noted that all the compounds 
of this series correspond to a general formula C n H 2 n-{-iOH. That 
is, the number of hydrogen atoms (not including that of the OH 
group) is one more than twice the carbon atoms. 


i 


: 

* 

f 

* 
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Isomeric Propyl and Butyl Alcohols. When we come to the 
substance C 3 H 7 OH in the homologous series of alcohols, we find 
that more than one substance is represented by the formula . In 
other words, a still more subtle type of isomerism is now at hand. 
The reason for this is evident from a consideration of the complete 
structural formulas of such substances. Bearing in mind the 
rules in regard to the valence of the different atoms and the 
fact that the substances all contain one hydroxyl group, we find 
that there are two and only two ways of arranging the atoms in 
C3H7OH; these are: 


H H H 
II I 

H-C-C-C-O-H 
I i I 
H H H 


H H H 

! I I 

and H-C-C-C-H. 
I I I 
H 0 H 


H 

normal propyl isopropyl alcohol 

alcohol 

These formulas are usually written as CH 3 CH 2 CH 2 OH and 
CH3CHOHCH3. There are actually two and only two sub- 
stances C3H7GH; one is normal propyl alcohol boiling at 98°, the 
other is isopropyl alcohol which boils at 82°. 

At first sight it might appear that there were many different ways of arrang- 
ing the atoms in the molecule C3H7OH, all of which conformed to the rules 
of valence / That this is not the case, perhaps becomes convincingly demon- 
strated only by actual trial with a pencil and paper. It will be remembered 
that the linkage of two carbon atoms through oxygen is excluded from the 
possibilities by the fact that the compound has an hydroxyl group (it is an 
alcohol). Hydrogen has only one valence bond and therefore can not serve to 
join two other atoms together. Therefore the three carbon atoms must be 
joined in a chain. The position of the hydroxyl group is the only variable left. 
This group may be placed at the right end, in the center or at the left end. 
The seven hydrogen atoms of C3H7OH now will be found sufficient to occupy 
the seven remaining bonds of the three carbon atoms. A moment’s considera- 
tion will convince one that there is no difference between the two ends of this 
symmetrical chain of carbon atoms. Whether the hydroxyl group is written 
at the left end or the right end is without significance. Both arrangements 
represent the same linkage, — they could be cut out and superimposed on each 
other by merely turning through 180°. The arrangement with the hydroxyl 
group in the center is different. This can not be superimposed on the other 
formula because the hydroxyl group is attached to a carbon atom in the middle 

of the chain. Thus, in one formula we have the group yCHOH, in the other 
-CH 2 OII. 
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The isomerism of the butyl alcohols, C4H9OH, is represented by 
the following structural formulas : 


H H H H 
I I I I 

H— C — C— C — C— O— H 
I f i I 
H 


CH3CH2CH0CH2OH g"tyi a il?ohT y 


H— C- 
I 

H 


H 

I 

H—C 

IN 

H 

H 

H— 

I 

H 

H 

I 

H-C 

IN 

h 

H 

H-c/ 

! 

H 


H H H 

H H H 
I I I 

-C-C-C-H or CH s CH 2 CHOHCH 3 
I I ! 

H 0 H 
I 

H 


normal secondary 
butyl alcohol 


H H 
J I 

C-C-O-H 
' I 
H 


H 

I 

C-H 

\ 

C-O— H or 


CH 3 


CH, 


\ 

/' 


chch 2 oh isobutyI 


CH S 


CH ; 


\ 

/ 


COHCH3 or & butyl 


Thus, with the aid of the structural theory, we can predict 
the number of isomers which are possible in the case of the propyl 
alcohols and butyl alcohols, and test the prediction by experiment. 
Repeated trials in many laboratories have shown that such pre- 
dictions of the structural theory are always verified. By working 
long enough and hard enough, it is always possible to make the 
number of isomers required by the theory, but more than this 
number have never been found. Since the number of isomers 
increases very rapidly as one goes up an homologous series, many 
isomers of the higher members have not yet been prepared. 
However, since our experimental facts and the predictions of the 
structural theory coincide so precisely in the case of the lower 
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members of this and other series, we feel perfectly confident that 
in time exactly the number of isomers demanded by the theory 
could be prepared in each case. 

Conventions Used in Writing Formulas. As a matter of 
convenience, organic chemists have agreed to write their 
structural formulas in a condensed form, and the student would 
do well to master the conventions employed. The extended 
formulas of the butyl alcohols which are printed on page 10 
on the left (sometimes called spider web formulas) are often 
useful at first in understanding the theory of linkages, but 
the student should use them as little as possible. The con- 
ventions used will be apparent from these examples; the usual 
formula is printed on the right. It should be noted that w r e write 
the group of carbon and hydrogen atoms after each other in 
straight chain compounds and show their connection by bonds 
in branched chain compounds; other groups or atoms follow the 
hydrogen. 

Naming Alcohols. Since there are only two isomeric propyl 
alcohols, it is possible to refer to them by using the terms normal 
and iso. By using the word normal to indicate a straight chain 
(abbreviated by n- 3 thus n-propyl alcohol) and iso to denote a 
forked chain, a fairly satisfactory method of naming the butyl 
alcohols can also be developed. Furthermore, an examination of 
the various butyl alcohols will show that they can be arranged 
into the three following groups: (1) those having the grouping 
— CH 2 OH which are called primary alcohols; (2) those having the 
grouping ^>CHOH which are called secondary; (3) those with the 
grouping ~>CGH which are designated as tertiary alcohols. We 

shall postpone any considerations of a more complete system of 
naming the alcohols until the next chapter. 

The names of the first five normal straight chain alcohols are 
those given in the tables below and on page 10. The alcohols 
with six or more carbon atoms are named with a Greek prefix 
indicating the number of carbon atoms. For example, the normal 
alcohol C 10 H 21 OH is n-decyl alcohol. The general formula for 
each group of alcohols is easily written by recalling that a general 
formula for the series is C n H 2 n+iOH. 

Physical Properties of Alcohols. If we compare the boiling 
points of the normal primary alcohols in the homologous series, 
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a very interesting gradual and regular change is noticed* This is 
illustrated below: 


Physical Properties of Normal Primary Alcohols 


Name 

Formula 

Boiling 

Point 

Density 
AT 25° 

Solubility 
Grams per 
100 Grams 
op Water 
at 20° 

Methyl alcohol 

CH3OH 

65° 

0.792 


Ethyl alcohol 

CH 3 CH 2 OH 

78° 

0.785 

[ 00 

Propyl alcohol 

ch 3 ch 2 ch 2 oh 

98° 

0.799 

J 

Butyl alcohol 

CH3CH2CH2CH20H 

118° 

0.805 

8.3 

Amyl alcohol 

CH3CH2CH2CH2CH20H 

138° 

0.816 

2.6 

Hexyl alcohol 

CH 3 CH 2 CH 2 CH 2 CH 2 CH 20 H 

! 156° 

1 0.820 

less than 1 



Fig. 1. The boiling points of normal primary alcohols from CH 3 OH to C12H25OH. 

The graph (Fig. 1 ) shows that for the normal primary alcohols 
there is a regular increase in boiling point with increasing num- 
ber of carbon atoms. The higher members of the series are 
solids at room temperature. Thus n-decyl alcohol, C10H21OH, 
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melts at 7°. The normal primary alcohol with the formula 
C 32 BU 5 OH melts at 89°. 

The isomeric alcohols differ in boiling point as illustrated by the 
table just below. In general, for a group of isomeric alcohols, 
branching the carbon chain lowers the boiling point but increases 
the solubility in water. 


Physical Properties of the Isomeric Butyl Alcohols 


Name 

Formula 

Boiling 

Point 

Density 
at 25° 

Solubility 
Grams per 
100 Grams of 
Water at 20° 

n-Butyl Alcohol 
(Butanol) 

CH 3 CH 2 CH 2 CH 2 OH 

118° 

0.805 

8.3 

Isobutyl Alcohol 

(CH 3 ) 2 CHCH 3 OH 

108° 

0.804 

23 

Secondary Butyl 
Alcohol 

ch 3 ch 2 

^>CHOH 

) — 1 

0 

0 

0 

(at 16°) 

0.807 

13 

Tertiary Butyl 

CH S 

(CH,) s COH 

83° 

0.780 

completely 

Alcohol 




soluble 


The Industrial Preparation of Important Alcohols 

Methyl Alcohol (Methanol). Methyl alcohol is prepared com- 
mercially on a very large scale by the interaction of carbon 
monoxide and hydrogen. The process can be represented by the 
following simple equation: 

300°-400° 

CO + 2H 2 >- CH 3 OH. 

catalyst, 
high pressure 
(about 200 atmospheres) 

The mixture of hydrogen and carbon monoxide can be obtained 
very cheaply by the “ water-gas reaction ” which involves passing 
water vapor over hot coke: 

H 2 0 + C — > H 2 4- CO. 

red water gas 

hot 
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The exact details of converting this mixture into methyl alcohol 
are somewhat complicated, but very high pressures and tempera- 
times and a catalyst consisting of zinc and chromium oxides are 
the essential requirements (Fig. 2)* Under the most favorable 
conditions the product is at least 99 per cent pure, the other 
material present being chiefly water. 

This synthesis of methyl alcohol illustrates very well the 
importance to the organic chemist of a knowledge of the condi- 
tions which are necessary for a reaction to take place; such con- 
ditions are temperature, pressure, and presence of substances 
which act as catalysts. Raising the temperature 10° approxi- 
mately doubles the rate of most reactions. 



Fig. 2. Diagram illustrating the essentials of an apparatus for the synthesis of 
methyl alcohol from carbon monoxide and hydrogen. 

Many reactions proceed at an appreciable rate only under very 
definite conditions, and an equation representing only the formu- 
las of the reactants and products has little meaning. In this book 
special conditions will be indicated over the arrow; when no 
temperature is indicated, it is assumed that the reaction proceeds 
at a convenient rate at room temperature or somewhat higher 
20°-80°). 

Formerly the destructive distillation of wood was the only source 
of methyl alcohol. For this reason it was commonly called wood 
alcohol. The introduction of the synthetic method just described 
not only disturbed the wood distillation industry, but also lowered 
the price of methyl alcohol and caused a tremendous increase in 
consumption. Today nearly 90 per cent of the methanol consumed 
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is made by the synthetic method. The improvement of methods 
in the wood distillation industry, and the fact that an industrial 
and domestic demand for wood charcoal exists, makes it probable 
that synthetic methanol will not completely displace wood meth- 
anol from the market. 

Methyl Alcohol from Wood. In the wood distillation process 
pre-dried wood is placed in a large iron retort and heated in the 
absence of air until all the volatile material is expelled. The resi- 
due is wood charcoal. The liquid distillate is a mixture containing 
about 1 per cent methyl alcohol, 5 to 8 per cent acetic acid (p. 
86), and about 0.1 per cent acetone (p. 129) which can be sepa- 
rated by proper manipulations. 

Preparation of Ethyl Alcohol. Ethyl alcohol has been prepared 
for centuries by fermentation. If a dilute solution of glucose 
(a sugar) is allowed to stand, it slowly changes into alcohol and 
carbon dioxide as represented by the following equation: 

the enzyme 

C*Hi*0« 2 C 2 H 5 OH + 2C0 2 . 

glucose zymase 

The Cause of Fermentation. The change of grape juice to 
wine is a very old example of fermentation. Thanks very largely 
to the labors of Pasteur, 1 it has been established that this change 
ordinarily takes place only if some living organism is present in 
the sugar solution or comes in contact with it. The usual organ- 
ism is some variety of yeast. For a number of years after Pasteur’s 
researches it was believed that the actual growth of the yeast or 
other organism was responsible for the change of the sugar into 
alcohol and carbon dioxide. Buchner 2 show r ed, however, that 
if one takes yeast and kills it by grinding with sand so that all 
the cells are completely destroyed and then squeezes the material 
through a very fine-pored filter, the resulting extract has the 
powder of changing sugar into alcohol. This extract contains no 
living substance, but must contain very minute quantities of some 
remarkable catalyst formed by the yeast cell in its growth. This 
substance has been called zymase. It is an example of the class 
of natural catalysts known as enzymes (see p. 590). 

1 Louis Pasteur (1822-1895). Professor at the Ecole Normale at Paris, 1857- 
1888; Director of the Pasteur Institute, 1885-1895. 

2 Eduard Buchner (1860-1917). Professor of Organic Chemistry at the Uni- 
versity of Wurzburg. 
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Alcohol from Starch. The preparation of alcohol from starch 
illustrates the action of another enzyme. It is called diastase. 
It is formed when barley begins to sprout in a warm, damp atmos- 
phere. This is the industrial source. In order to obtain this 
enzyme in quantity, barley is allowed to sprout and is then heated 
to a temperature which stops the sprouting but does not destroy 
the diastase. Barley thus treated is known as malt. When malt 
is mixed with grain or potatoes and water, the diastase acts on the 
starch according to the following equation: 

diastase 

2 (CeHioOs)» -f- 72H2O *— WC12H22O11. 

starch (malt) maltose 

Note. Empirical formulas are here used, as the structural formula of starch 
has not yet been determined. (See Chap. XVII.) 

The dilute solution of the sugar maltose, thus formed, can be 
fermented by yeast. The yeast produces a mixture of enzymes 
which bring about this fermentation: 

C 12 H 2 20n + H 2 0 — > 4 C 2 H 5 OH + 4C0 2 . 

(yeast) 

Industrial Alcohol. Industrial ethyl alcohol is prepared today 
in America very largely by the fermentation of the residues from 
the purification of cane sugar, which are known as molasses. 
These are fermented with yeast until a 6 to 10 per cent solution 
of alcohol is obtained which is then fractionally distilled yielding 
95 per cent alcohol. Industrial alcohol can be made from potatoes, 
grain, or other starchy substances by first allowing malt to change 
the starch into sugar and then fermenting and distilling. Some 
industrial ethyl alcohol is also manufactured from a by-product of 
the petroleum industry (p. 67). If industrial ethyl alcohol 
becomes a substance which is used by the community in very large 
amounts (which might occur if the gasoline supply were exhausted), 
the production of alcohol from cheap forms of starch would become 
an enormous industry of the greatest importance. 

Uses of Methyl and Ethyl Alcohol. At present, methyl and 
ethyl alcohol are used as the starting point for the manufacture 
of many other organic substances, since they are relatively cheap. 
They are also used widely as solvents, because they dissolve a 
great variety of substances which do not dissolve in water. The 
paint and varnish industry, for example, uses large quantities of 
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both alcohols. The perfume, flavoring, and pharmaceutical indus- 
tries use ethyl alcohol for preparing solutions of perfumes, flavors, 
and drugs. Extract of vanilla is an alcoholic solution of the flavor- 
ing constituent of the vanilla bean. Tincture of iodine is an alco- 
holic solution of iodine. Indeed, the words extract and tincture, 
when thus used, almost invariably denote alcoholic solutions. 
Because of its poisonous effect on the human system, methyl alco- 
hol cannot be used for such purposes. Methyl and ethyl alcohols 
are widely used in anti-freeze mixtures for automobiles. 

Ethyl alcohol is subject to a very heavy tax in all countries, and its sale is 
strictly regulated in the United States. If it is made unsuitable for drinking 
by the addition of methyl alcohol or other substances, it can be sold tax-free 
in most countries, including the United States. Such alcohol is said to be 
denatured. Methyl alcohol is the principal substance used for denaturing 
ethyl alcohol. In addition, certain amounts of evil-smelling substances are 
often included in order to afford a warning that the liquid is poisonous. The 
use of specially denatured alcohol with only slightly poisonous ingredients is 
allowed under government supervision in the manufacture of pharmaceutical 
preparations and in certain other industries. 

It is possible that, in the future, denatured alcohol may be used as a fuel for 
internal combustion engines, but at present it is more expensive than gasoline. 
In relatively small quantities it is sold as a fuel for household use, in the form 
of solid alcohol. This is denatured alcohol containing a small amount of soap 
or nitrocellulose which causes the formation of a solid jelly. 

Absolute Alcohol. Specially purified methyl and ethyl alcohols, 
free from water and other impurities, are known as absolute 
methyl alcohol and absolute ethyl alcohol. By careful distilla- 
tion with a fractionating column, methyl alcohol can be obtained 
practically free from water. Strangely enough, the last 5 per 
cent of water cannot be removed from ethyl alcohol in this way. 
It can be removed by boiling the 95 per cent alcohol with calcium 
oxide. The calcium oxide combines with the water, forming 
calcium hydroxide, and the alcohol is left unchanged and can be 
finally distilled. This is the method commonly employed in the 
laboratory. Industrially, absolute ethyl alcohol is prepared by 
taking advantage of the rather peculiar fact that a mixture of 
benzene (C 6 H 6 ), water, and ethyl alcohol in the proportions 18.4 
per cent alcohol, 74.1 per cent benzene, 7.4 per cent water, distils at 
a lower temperature than any one of the three pure substances. 
Benzene is added to the 95 per cent alcohol, and the mixture care- 
fully distilled; the first fraction (b.p. 65°) consists of alcohol. 
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water, and benzene. After all the water has been thus removed, 
the boiling point rises to about 68°, and the distillate is a mixture 
of alcohol and benzene; finally absolute alcohol distils at 78.3° C., 
and is collected. Absolute alcohol slowly absorbs water from the 
air, and must be kept carefully sealed in order to remain free from 
water. 

Industrial Uses of Higher Alcohols. During the last twenty 
years the industrial production of some of the higher alcohols has 
been developed, and they have become substances of commercial 
importance. They are largely used as solvents either directly or 
in the form of their esters (compounds which are readily formed 
from the alcohols as will be described in Chap. V). They are 
also used as the starting point in the manufacture of a number of 
other organic compounds of industrial importance. The most 
important higher alcohol from the industrial standpoint is n-butyl 
alcohol (butanol), CH 3 CH 2 CH 2 CH 2 OH, prepared from com starch 
or by a series of reactions from acetylene (p. 147). Normal propyl 
alcohol, CPI 3 CH 2 CPI 2 OH, has recently been manufactured from 
carbon monoxide and hydrogen by slight modifications of the 
catalyst used in the synthesis of methanol from the same materials 
(p. 13); other higher alcohols can also be produced in this way. 
The reaction probably proceeds in this manner: 


CH 3 


catalyst 

CO + 2Ha > CH 3 OH, 

catalyst 

2CH3OH — > c 2 h 5 oh + h 2 o, 

catalyst 

OH + II : CH0CH2OH — ^ CH 3 CH 2 CH 2 OH + H 2 0 . 


Two secondary alcohols, isopropyl alcohol, CH3CHOHCH3, and 
secondary butyl alcohol, CH3CIIOHCH2CH3, and a tertiary alco- 
hol, tertiary butyl alcohol, (CH s ) 3 COH, as well as a number of the 
isomeric amyl alcohols, C5H11OH, are manufactured from petro- 
leum and natural gas by processes which will be discussed later 
(Chap. IV). As yet none of them have attained the industrial 
importance of butanol. 

Some normal alcohols of longer straight chains are now of indus- 
trial importance. Among these are lauryl alcohol, C12H25OH, 
cetyl alcohol, C16H33OH, and stearyl alcohol, Ci 8 H 37 OH. These 
alcohols are used as emulsifying agents, as bases for pharmaceuti- 
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cal preparations, and in making new detergents (p. 187). They 
are manufactured by methods to be described later. 

Butanol by the Fermentation Process. The manufacture of the higher 
alcohols first started after the World War; before this time a mixture of several 
amyl alcohols known as fusel oil was the only commercial source of the higher 
alcohols. This fusel oil was a by-product of the preparation of ethyl alcohol 
by the fermentation of grains, and was therefore limited in amount and rela- 
tively an unimportant material. During the World War a process was devel- 
oped for the production of acetone (p. 129) from corn starch by the use of a 
special bacillus which brought about the formation of carbon dioxide, gaseous 
hydrogen, acetone (CsHcO), and n-butyl alcohol, — the last two substances 
appearing instead of the ethyl alcohol in the ordinary fermentation. The butyl 
alcohol was at first regarded as a worthless by-product while the desired 
material was acetone, which was required as a solvent in the manufacture of 
the smokeless powder used by the British. After the war, organic chemists 
turned their attention to finding a use for the butyl alcohol which had accumu- 
lated. It was soon discovered that the esters prepared from butyl alcohol were 
particularly suitable as solvents for the lacquers which were then being intro- 
duced into the automobile industry. The rapid expansion of the lacquer 
industry stimulated the manufacture of butyl alcohol, and the war time process 
was soon revived with the emphasis now reversed; butyl alcohol was the 
important product, acetone the by-product. Within the last few years even 
the carbon dioxide and hydrogen evolved in the fermentation have been used 
in preparing a solvent of value. Methyl alcohol is prepared by purifying the 
mixed gases and passing them over a suitable catalyst at high pressure. The 
carbon dioxide is first reduced to carbon monoxide, which then combines with 
the hydrogen to form methyl alcohol as explained in a preceding paragraph. 
The great commercial success of the production of n-butyl alcohol has undoubt- 
edly stimulated the production of the other higher alcohols by a variety of 
processes. 

Chemical Properties of the Alcohols. The characteristic 
grouping of the alcohols is the hydroxyl group. We have already 
seen in the case of ethyl alcohol that this group can react in two 
different ways (equations lb and 2b, p. 6). The hydrogen atom 
attached to the oxygen may be replaced, as in the formation of 
sodium ethylate (C 2 H 5 ONa), by the action of metallic sodium. 
This is a general reaction of alcohols; metallic potassium reacts 
in the same manner as sodium. The resulting compounds are 
obtained as colorless crystalline solids by boiling off the excess 
alcohol; they are known as the alcoholates. The student will 
readily recognize that in this reaction the alcohols somewhat 
resemble the inorganic acids, which are characterized by having 
a hydrogen replaceable by metals. However, the common metals 
such as zinc and iron which will react with acids are without effect 
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on alcohols; furthermore, alcohols in water solution are not 
neutralized by the bases; instead the compound C 2 H 5 ONa is 
completely hydrolyzed by water forming alcohol and sodium 
hydroxide : 

C 2 H 5 ONa + H 2 0 — >- C2H5OH + NaOH. 

For these reasons we do not usually regard alcohols as acids. 

The interaction of phosphorus trichloride and ethyl alcohol 
illustrates a second type of reaction in which the whole hydroxyl 
group is replaced. We shall consider in the next chapter a number 
of reactions of the alcohols which lead to the production of many 
interesting and important substances. All these reactions fall 
into one of two classes, — either the hydrogen atom of the hydroxyl 
group is involved or the entire hydroxyl group is replaced by 
another atom or group. These replacement reactions are charac- 
teristic of all the compounds CJH 2 n+iOH irrespective of whether 
they are primary, secondary, or tertiary alcohols. 

The lower members of the alcohol series resemble water, as 
might be expected from the presence of a hydroxyl group. With 
the increase of the number of carbon atoms in the molecule, the 
influence of the hydroxyl group becomes less pronounced and the 
similarity to water becomes less evident. This is clearly seen in 
the progressive decrease in the solubility in water of the alcohols 
above propyl. Another illustration of the same principle is seen 
in the fact that methyl and ethyl alcohol combine with a number 
of inorganic salts such as calcium chloride forming crystalline 
compounds containing alcohol of crystallization; for example, 
CaCl2.4C 2 H 5 OH; MgCl 2 .6CH 3 OH. The analogy between alco- 
hol of crystallization and water of crystallization is evident. The 
higher alcohols do not combine with inorganic salts in this manner. 

QUESTIONS AND PROBLEMS 

X. Define and illustrate the terms : homologous series, isomerism. 

2. Describe briefly the industrial manufacture of ethyl alcohol from starch. 

3. Present the evidence that shows that the alcoholic fermentation of sugar 
is caused by an enzyme present in the yeast cell. 

4. Write balanced equations showing the industrial method of preparing 
methyl alcohol from coke. 

5. Calculate the percentage composition of (a) C 2 H 6 , (b) C4H10O, (c) 
CsHtN, (d) CeHeNCl. 

6. Calculate the empirical formulas of the substances which gave the 
following percentages of the elements on analysis: (a) C, 65.0; H, 13.5: (b) C, 
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60.0; H, 13.3: (c) C, 53.5; H, 15.5; N, 31.1: (d) C, 92.3; H, 7.7: (e) C, 
9.40; H, 2.15; I, 89.40. (Hint: The percentage of oxygen is obtained by 
difference, the absence is assumed of elements other than those stated. ) 

7. If 1 liter of vapor of the substance in 6a weighs 2.42 g. at 100°, 760 
mm., what is the molecular formula? 

8. A gas has the following analysis: C, 52.2; H, 13.0. 1 liter at 0°, 760 

mm. weighs 2.05 g.; what is the formula? 

9. Write structural formulas for (a) all the butyl alcohols; (b) all the amyl 
alcohols; (c) all the straight chain hexyl alcohols. Arrange all these com- 
pounds into three groups according as to whether they are primary, secondary 
or tertiary alcohols. 

10. Knowing that the boiling point of ethyl alcohol is 78°, predict the 
approximate boiling point of the normal primary alcohol, C7H15OIL Confirm 
your prediction by reference to Fig. 1. Would you expect a tertiary alcohol 
with the formula C7H15OH to boil higher or lower than this temperature? 

11. Describe the laboratory method and the industrial method for prepar- 
ing absolute ethyl alcohol. Why is not anhydrous calcium chloride used in 
drying ethyl alcohol? 

12. In what respects do the alcohols resemble water? 

13. Write the structural formula of potassium alcoholate. How is it pre- 
pared? In what ways do alcoholates differ from inorganic salts? 

14. 1.76 gms. of an alcohol when treated with potassium gave off 448 cc. 
of hydrogen under standard conditions; what is the molecular weight of the 
alcohol? 

15. Why is methyl alcohol used in automobile radiators to prevent freezing? 
Assuming the cost of amyl alcohol and methyl alcohol to be the same, which of 
the two would you choose for this purpose? Explain. 


CHAPTER II 

ALKYL HALIDES, ESTERS, ETHERS 


In this chapter we shall continue a study of the alcohols by 
examining in more detail some of their general reactions and the 
substances which can be prepared from the alcohols by these 
reactions. We have already seen that a substance C 2 H 5 C 1 is 
formed by the interaction of phosphorus trichloride and ethyl alco- 
hol. It is a representative of one of the most important classes 
of organic compounds, — the alkyl halides . Since they are readily 
prepared from the alcohols and in turn can be transformed into 
many compounds, we shall find that they are of great value to the 
chemist. 


Alkyl Halides 

The alkyl halides are compounds in which the hydroxyl group 
of the alcohol has been replaced by a halogen atom. For example, 
methyl chloride, CH 3 C 1 , may be prepared from methyl alcohol, 
CH3OH, or ethyl chloride, C2H5CI, from ethyl alcohol, C 2 H 5 OH. 
The group of atoms CII 3 — and C2H5 — are known as alkyl 
groups. Alkyl groups correspond to the carbon and hydrogen 
residue attached to the OH group of the alcohol. “ Free alkyls ” 
such as methyl CH 3 and ethyl C 2 H 5 — are extremely reactive, 
unstable compounds which can not be isolated. For this reason, 
the groups are for practical purposes merely abstractions which are 
useful in naming organic compounds . The following are the 
common alkyl groups : 

CH3 — methyl group 
CH3CH2— or C 2 H 5 — ethyl group 
CH3CH2CH2 — normal propyl group 
OH* 

CH — isopropyl group 

ch 3 / 

We may write general formulas for alcohols and alkyl halides if 
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we let R represent any alkyl group. On this basis ROH is an 
alcohol and RC1 an alkyl chloride. 

Preparation of Alkyl Halides. Alkyl chlorides, bromides, and 
iodides are readily prepared by either of two methods. These 
may be illustrated by the equations for preparing ethyl 
iodide: 

distill 

1 . CoH 5 OH + HI — > C 2 H 5 I + HsO, 

2. 3C 2 H 5 OH + P -f 31 — =>- 3 C 2 H 5 I -f P(OH) 3 . 

Both methods can be used with any simple alcohol. The second 
is commonly employed for preparing iodides; the iodine and 
phosphorus first react, forming phosphorus triiodide, this then 
reacts with the alcohol. Similarly, if one uses phosphorus tri- 
bromide or phosphorus trichloride instead of a mixture of phos- 
phorus and iodine, the corresponding bromide and chloride can 
be prepared. Indeed, this is the reaction we first used to prove 
that ethyl alcohol contained an hydroxyl group. 

General Reactions. The interaction of an alcohol and an acid 
may be written in a general form if we let ROH be any alcohol and 
HX be HC1, HBr, or HI: 

R jOH + Hj X — >RX + H 2 0. 

Such a formulation expresses the fact that in general all alcohols 
can be transformed in the same manner to the corresponding 
halide. The conditions necessary for actually accomplishing such 
a transformation in a reasonable time, however, can not be general- 
ized as they vary with the alcohol. 

In this book we shall frequently write such general reactions . 
They are a convenient method of summing up our information 
about a reaction which we know proceeds with all members of an 
homologous series. 

Action of Halogen Acids on Alcohols. Although the general 
reaction written above has a formal resemblance to the neutraliza- 
tion of an inorganic base by an acid, it is important to note that 
there is really very little analogy between the two cases. The 
inorganic reaction is instantaneous and takes place between ions. 
The product is a salt, a substance which is ionized in water solu- 
tion. The preparation of the alkyl halide is slow, and in most 
cases only proceeds at a convenient rate either above room tern- 
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perature or in the presence of some catalyst such as zinc chloride. 
The product is not a salt but is an alkyl halide, a gas or liquid 
insoluble in water and not ionized. 

Variation in the Rates of a General Reaction. It has been found 
by experience that most of the higher alcohols react faster with 
halogen acids than do methyl and ethyl alcohols. The speed of 
this reaction also varies with the type of alcohol. Thus, with halo- 
gen acids tertiary alcohols react more rapidly than do secondary, 
while primary alcohols are the least reactive. Tertiary butyl 

alcohol when mixed with 
concentrated hydrochloric 
acid at room temperature; 
forms tertiary butyl chlo- 
ride (CH 3 ) 3 CC1 almost 
instantaneously, while 
with normal butyl alcohol 
the reaction is slow and 
requires zinc chloride as 
a catalyst. In the case 
of those alcohols which 
are but very slightly sol- 
uble in water, aqueous 
acids can not be used. 
Instead the alcohol is 
saturated with the dry 
halogen acid gas. The 
speed of the reaction with 
primary alcohols is in 
the following decreasing 

order: m >HBr S >HCl. 
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Such variations in the speed of a general reaction in individual 
cases are the rule in organic chemistry. In this book we shall not 
emphasize such variations unless they are so great as to constitute 
a special case by themselves. 

Physical Properties. The properties of certain of the alkyl 
halides are tabulated below and in the diagram (Fig. 3). It is 
convenient to remember that the simplest chloride which is a 
liquid at room temperature is the propyl compound, the simplest 
bromide the ethyl compound, and that methyl iodide is the only 
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methyl halide which is not a gas under ordinary conditions. 
The general effect on the boiling point of increasing the 
molecular weight is well illustrated by the properties of the 
alkyl halides. The alkyl halides are all practically insoluble in 
water and the bromides and iodides have a density greater 
than one. 


Representative Alkyl Halides 


Name 

Formula 

Boiling 

Point 

Density 
at 20° 

Methyl chloride 

Chlorides 

CH 3 CI 

-24° 

0.991 (at -24°) 

Ethyl chloride 

CH 3 CHoC1 

+ 12 ° 

0.910 

n-Propyl chloride 

ch 3 ch 2 ch*ci 

47° 

0.890 

. Isopropyl chloride 

CH 3 CHC 1 CH 3 

37°' 

0.860 

Methyl bromide 

Bromides 

CH 3 Br 

4- 5° j 

1.732 (at 0°) 

Ethyl bromide 

CH 3 CH 2 Br 

38° 

1.430 

n-Propyl bromide 

CH 3 CH 2 CH 2 Br 

71° 

1.353 

Isopropyl bromide 

CH 3 CHBrCH 3 

60° 

1.310 

Methyl iodide 

Iodides 

ch 3 i 

+43° 

2.279 

Ethyl iodide 

CH3CH2I 

72° 

1.933 

n-Propyl iodide 

CH 3 CH 2 CH 2 I 

102° 

1.747 

Isopropyl iodide 

ch 3 chich 3 

90° 

1.703 


Industrial Uses. Methyl and ethyl chlorides are the only 
alkyl halides commonly met. They are used in refrigerating 
machines on account of their low boiling points. The ethyl 
compound is used in the manufacture of lead tetraethyl 
(p. 29). 

Ethyl chloride is employed as a local anesthetic in a rather peculiar way. 
It is sold as a liquid in small metal cylinders under pressure. When a stream 
of the liquid is directed on the surface skin, it boils on strildng the warm body, 
thus abstracting heat from the skin. This process continues until the sur- 
face is frozen, so that the nerves no longer register pain when an incision is 
made. 

Reactions of Alkyl Halides. An important and characteristic 
reaction of an alkyl halide is one in which the halogen combines 
with a metallic atom and is thus replaced by another atom or 
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group. Several illustrations of this type of metathetical reaction 
are given below: 


CH 3 


iT Na i CN 


CHsCN + Nal, 


CH 3 :I + Na ! OCH 3 — > CH 3 OCH 3 + Nal, 


CH 3 :I + Ag !. OH — > CH 3 OH + Agl, 


R :X + Ag: OH — ^ ROH + AgX. 

In all such metathetical reactions the iodides react most rapidly, 
the chlorides least rapidly, the bromides occupying an intermediate 
position. 

Another metathetical reaction of alkyl halides is the replacement 
of one halogen atom by another. This is carried out by heating an 
alkyl halide with an inorganic halide in an anhydrous solvent 
(anhydrous acetone and lithium or potassium halides are often 
employed). 

C 2 H 5 Br + KI — > C 2 H 5 I + KBr. 

Alkyl iodides and bromides are generally used in the laboratory, but 
industrially the expense of iodine and bromine is ,so great that the chlorides 
are used in spite of the relative slowness with which they react. Like all other 
reactions, increasing the temperature greatly accelerates the metathetical 
reactions of the alkyl halides. In the laboratory it is usual to keep the tem- 
perature of the reaction mixture at the boiling point of the alkyl halide by 
having a return condenser attached to the vessel. The low boiling point of 
the simple alkyl halides thus prevents a large increase in temperature. In the 
industries, however, the reaction mixture can be placed in closed heavy metal 
cylinders, known as autoclaves ; they are capable of withstanding high pres- 
sures. In such an apparatus the reaction temperature can be raised far above 
the boiling point of the alkyl halide, if necessary, in order to complete the 
reaction in a short time. 

Importance in Syntheses. The alkyl halides,, are an important 
class of compounds because they enter into a large number of 
chemical reactions. They serve as a starting point for the prepara- 
tion of a variety of other classes of organic compounds. We shall 
often have occasion to utilize the alkyl halides for this purpose. 

The Grignard Reaction. Another reaction of the alkyl halides 
of great importance in synthesis is the reaction with metallic 
magnesium. This reaction was discovered by the French chemist 
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Grignard. 1 In recognition of 
this discovery he was awarded 
one-half the Nobel Prize for 
the year 1912. The method 
of procedure is illustrated by 
Fig. 4; the equations are: 

dry 

CH S I + Mg — >■ CHjMgl, 

ether methyl magnesium 
iodide 

dry 

RX + Mg — >RMgX. 

ether 

(In the general equations RX 
stands for any alkyl halide.) 

In general, compounds of 
the type RMgX are called 
Grignard reagents; they are 
prepared and used in ether 
solution. They react with 
water violently at room tem- 
perature; this reaction enables 
us to prepare a type of sub- 
stance known as a hydro- 
carbon which we are going 
to discuss in detail in the 
next chapter. The reaction be- 
tween a Grignard reagent and 
water may be illustrated using 
methyl magnesium iodide: 



Fig. 4. A convenient laboratory appa- 
ratus for the preparation of methyl 
magnesium iodide or other Grignard 
reagents. 

The magnesium turnings and dry 
ether are placed in the flask and the 
alkyl halide slowly added while the mix- 
ture is vigorously stirred. If necessary, 
the reaction is cooled by surrounding the 
flask with cold water. 


OH 


CH 3 MgI + H 2 0 — >- CH 4 + Mg 

methane \ 


RMgX + H 2 0 — > RH + Mg^ 

hydrocarbon v \ 


I 

OH 


‘X 


In a similar manner methyl magnesium iodide will form methane 
when treated with acids, alcohols, ammonia, and many other 

1 Victor Grignard (1871-1935). Professor at the Chemical Institute of Lyons, 
France. : 
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substances which have a so-called “ active hydrogen.” This is 
illustrated by the following diagram: 

CH 3 • Mgl 
H | OH 
H j OC 2 H 5 
H i Br 
H j NH 2 

Since the product methane is a gas it can be conveniently collected 
and measured, and the amount of “ active hydrogen ” in a given 
weight of material may thus be estimated. 

Other reactions of the Grignard reagent are used in the prepara- 
tion of organic compounds; these will be discussed in a later 
chapter. 

Constitution of the Grignard Reagent. Although the Grignard reagent is 
represented above as RMgX, considerable evidence has been gathered to indi- 
cate that it is an equilibrium mixture as illustrated below: 

2RMgX R 2 Mg + MgX 2 . 

alkyl magnesium magnesium magnesium 

halide dialkyl halide 

By adding dioxane (p. 177) to a Grignard reagent, RMgX and magnesium 
halide are precipitated leaving magnesium dialkyl in solution. The latter 
substance may also be obtained by distilling the Grignard reagent. Since, 
however, in most reactions the behavior of the Grignard reagent is best repre- 
sented by RMgX, this formulation is always used. 

Other Metallic Alkyls. A large number of organometallic compounds 
which are prepared directly or indirectly from alkyl halides are known. Of 
these we shall mention a few. 

Lithium alkyls can be prepared from alkyl halides and lithium in the pres- 
ence of ether. 

dry 

RX + 2Li — RLi + LiX. 

ether 

They have found use in instances where magnesium reacts very sluggishly with 
the alkyl halide. In general, lithium alkyls behave as the Grignard reagent in 
chemical reactions. 

Zinc alkyls can be made from alkyl halides and zinc coated with copper, in 
the presence of a small quantity of ethyl acetate. 

CHsI + Zn — > CHsZnI. 

For the most part they are similar to the Grignard reagent in their reactions, 
and are used only for a few special reactions. Like the Grignard reagent, zinc 
alkyls on distillation give a metallic dialkyl, ZnR 2 , 

2CH 3 ZnI — ^ (CH 3 ) 2 Zn + Znl 2 . 
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The zinc alkyls are spontaneously inflammable in air, and the preparation 
must therefore be carried out in an inert gas such as hydrogen or nitrogen. 
They were first prepared by Frankland 1 and before the discovery of the Gri- 
gnard reagent the zinc alkyls were frequently used in the preparation of organic 
substances in the laboratory. Now they are almost entirely displaced by the 
Grignard reagent. 

Lead tetraethyl produced commercially in large amounts (about 10 thousand 
tons annually) for the gasoline industry (p. 55) is prepared from ethyl chloride 
and one of the alloys of lead and sodium. 

4C2H5CI + 4NaPb — 3^ (C 2 H 5 ) 4 Pb + 4NaCl + 3Pb. 

It is a highly toxic liquid soluble in organic solvents and boils at 202° C. 

Alkyl Fluorides. Just as the element fluorine differs considerably from 
the other members of the halogen family, so the alkyl fluorides are compounds 
which have but little in common with the alkyl chlorides, bromides, and iodides. 
They are usually prepared by a special reaction — the interaction of an inor- 
ganic fluoride and an alkyl halide — though they may be formed by heating an 
alcohol with hydrofluoric acid. The lower alkyl fluorides are all gases; propyl 
fluoride boils at —2°, n-amyl fluoride at 63°. Unlike the chlorides, bromides, 
and iodides the halogen atom in the fluorides is very unreactive. Methyl 
fluoride reacts but very slowly with even strong sodium hydroxide or sodium 
ethylate. 


Esters of Inorganic Acids 

Esterification. When an alcohol and an acid are brought 
together, the hydroxyl group of the acid and the hydrogen of the 
alcohol unite to form water; a new compound is formed which is 
an ester. The reaction is known as esterification. It takes place 
very rapidly at room temperature with nitric or sulfuric acid, and, 
unless carefully controlled, may be explosive with the former sub- 
stance. The equation for the formation of ethyl nitrate from 
nitric acid and ethyl alcohol is as follows: 


C2H5O 


hTho| N0 2 


— > C2H5ONO2 + H 2 0 . 


Alkyl Nitrates. Ethyl nitrate, C2H5ONO2, is a liquid with a 
pleasant odor, heavier than water: it boils at 89°. When boiled 
with water, it is hydrolyzed forming ethyl alcohol and nitric acid. 
This hydrolysis reaction is a general property of esters; the reac- 
tion is: 


C 2 H s 0N0 2 + HoO — > C2H5OH + HONO2. 


1 Edward Frankland (1825-1899). An English chemist whose work laid the 
foundations of the theory of valence. 
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Alkyl Nitrites. The esters of the unstable nitrous acid are 
known as nitrites. They are prepared by distilling a mixture of 
the alcohol, sodium nitrite (NaN0 2 ), and sulfuric acid. Ethyl 
nitrite, C2H5ONO (boiling at 17°), is sold in an alcoholic solution 
as “ sweet spirits of nitre.” n-Butyl nitrite is a pale yellow liquid 
which boils at 75°; amyl nitrite boils at 99°. Both these nitrites 
are used in the laboratory as sources of nitrous acid. Amyl nitrite 
like ethyl nitrite is used in medicine. 

Esters of Sulfuric Acid. Since sulfuric acid is an acid with 
two hydrogen atoms, it can form two types of esters just as it 
can form two classes of salts. Ethyl sulfuric acid, C2H5OSO3H, 
is both an ester and an acid. Diethyl sulfate, C2H5OSO2OC2H5, 
and dimethyl sulfate, CH 3 0S0 2 0CH3, are examples of neutral 
esters of sulfuric acid. 

Ethyl sulfuric acid (or ethyl hydrogen sulfate) is an oily liquid. 
It is usually prepared as needed by mixing sulfuric acid and alco- 
hol; the reaction mixture contains water, some unchanged alcohol 
and sulfuric acid, and the desired ethyl sulfuric acid. Since the 
substance is both an acid and an ester, it has the characteristic 
properties of both classes. It forms salts when cautiously treated 
with bases and is hydrolyzed to alcohol and sulfuric acid when 
heated with water. 

Dimethyl sulfate is prepared by heating methyl sulfuric acid, 
CH3OSO3H, under diminished pressure. The equations for the 
steps in its preparation are as follows: 

CH3OH + H 2 S 0 4 — CH3OSO3H + HA 

■••■■■■ distill 

2CH3OSO3H — ^ CH3OSO2OCH3 + h 2 so 4 . 

in vacuo 

Dimethyl sulfate is a heavy liquid, boiling at 188°, very poisonous 
and practically without odor. It is used in place of methyl iodide 
in certain reactions in which the methyl group is to be introduced 
into an organic molecule (p. 35). It is much cheaper than the 
iodide and therefore is quite generally employed for such purposes 
in industrial processes. 

Preparation of Esters from Inorganic Salts. Esters may also 
be prepared by the action of alkyl halides (preferably the iodides) 
on the silver salts of acids. In this way the esters of certain 
unstable acids like sulfurous acid can be formed which would be 
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otherwise unknown. The following equation illustrates the 
preparation of diethyl sulfite, C2H5OSOOC2H5: 

2 C 2 H 5 I + Ag 2 S0 3 — > (C 2 H 5 ) 2 S03 + 2AgI. 

Alkyl Halides as Esters. The alkyl halides may be regarded as 
the esters of the halogen acids. The first of the two methods of 
preparation which have already been given (p. 23) is an esterifica- 
tion reaction as the following equation shows: 


OH +H 


RBr + H 2 0. 


On boiling with water, many alkyl halides are slowly con- 
verted into the alcohol and the halogen acid; thus the typical 
hydrolysis reaction of esters is also a property of the alkyl 
halides. 

The separation of the esters of the three halogen acids into one 
separate class is merely a matter of convenience. These esters 
of the halogen acids enter into many reactions (such as the forma- 
tion of the Grignard reagent) which can not be brought about with 
other esters. For this reason it is best, in an elementary survey 
of organic chemistry, to distinguish the alkyl halides from the 
esters of other acids. The esters of organic acids are considered 
in Chapter V. The esters of certain of these acids form a large 
class of natural substances known as the fats and oils. 


Ethers 

Another important class of substances which are prepared 
directly from the alcohols are the ethers. The nature of these com- 
pounds will be best understood by studying the commonest repre- 
sentative, diethyl ether, usually called simply ether. It has 
been an important substance for nearly a hundred years; with- 
out this anesthetic modern surgery might never have devel- 
oped. 

Preparation of Ethyl Ether. Ether is readily prepared from 
ethyl alcohol by heating this substance with sulfuric acid. The 
following reactions take place: 

C 2 H 5 OH + H 2 SO 4 — > C 2 H 5 0S0 3 H + H 2 0, 

ethyl sulfuric acid 
13Q°-140° 

C 2 H 6 0S0 3 H + C 2 H 5 OH — > CH 3 CH 2 OCH 2 CH 3 + H 2 SO*. 
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The preparation of ether from alcohol by this method is one 
of the oldest known organic reactions and is still the commercial 
process. Ether was manufactured in this way long before the 
nature of the reaction had been discovered. The alcohol is 
allowed to flow into a mixture of alcohol and sulfuric acid heated 
to 130°~T40°; ether and some alcohol and water distill and are 
condensed. The equations written above show that there are 
really two steps in the process: in the first, ethyl sulfuric acid is 
formed by interaction of ethyl alcohol and sulfuric acid; in the 
second, this substance reacts with more alcohol forming ether and 
regenerating sulfuric acid. The regenerated acid then reacts with 
more alcohol forming ethyl sulfuric acid (first reaction). At first 
sight it would appear that a given amount of sulfuric acid could 
thus keep on converting an unlimited amount of alcohol into ether. 
Actually this is not the case in the laboratory because as the sulfuric 
acid becomes more dilute, water and alcohol distill with the ether 
and the process becomes too inefficient. 

The temperature of the reaction mixture must be controlled 
rather carefully. At temperatures below 130°, the second reaction 
is so slow that unchanged alcohol will distill; at high temperatures 
(150°~200°), ethyl sulfuric acid decomposes (p. 60). This is an 
excellent illustration of the principle mentioned in the last chapter, 
— namely, that the conditions are of supreme importance in deter- 
mining the course of an organic reaction . In this case, a relatively 
slight change in the temperature greatly alters the efficiency of the 
process. 

Industrial Apparatus for Preparing Ether. The industrial preparation of 
ether is illustrated by the diagram shown in Fig. 5. This is a simplified repre- 
sentation of the modern equipment which permits the production of an almost 
unlimited amount of ether from one charge of acid. The operation is as 
follows. The ether pot is charged with pure concentrated sulfuric acid; ethyl 
alcohol is then added and the mixture allowed to stand for some time during 
which ethyl sulfuric acid is formed (reaction 1, p. 31). The pot is then 
heated by passing steam through the coils which are below the level of the 
liquid. The temperature is kept at 130°, and alcohol is slowly run in from the 
alcohol feed-tank. The vapor which issues from the ether pot contains alco- 
hol, water, ether, and a small amount of acid fumes (sulfur dioxide). The 
latter are removed by coming in contact with sodium hydroxide in the caustic 
scrubber. The vapors then pass through a series of complicated fractionating 
columns and partial condensers which separate the ether from the alcohol and 
water. The water and alcohol are separated in another column, and 95 per 
cent alcohol recovered. The temperatures of the ether pot and the various 
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fractionating columns are carefully regulated. The process may be run con- 
tinuously for many weeks. Because of the fractionating columns which sepa- 
rate the ether, alcohol, and water the process is continuously efficient and, unlike 
the laboratory procedure, does not require recharging with sulfuric acid after 
considerable water has been formed. Even if the percentage of ether is low in 
the vapors as they leave the reaction, this ether is continuously separated by 
the columns and the unchanged alcohol is returned to be once again introduced 
into the reaction. 



Fig. 5. Diagram of the essential parts of the apparatus used in the industrial prep- 
aration of ether. From data kindly furnished by E. B. Badger and Sons Co. 


Uses of Ethyl Ether. Ether is a colorless liquid boiling at 35°. 
It has a rather pleasant odor. Ether is highly inflammable, and 
on standing, it slowly absorbs oxygen from the air to form unstable 
peroxides of unknown structure. In addition to its wide use as an 
anesthetic, it is a valuable solvent. Unlike alcohol, it is nearly 
insoluble in water and is lighter than water, and is therefore a favor- 
ite solvent for extracting substances from water solution. This is 
accomplished by shaking the water solution with ether. For 
example, if a solution of bromine in water is shaken with ether, the 
top ether layer will be colored red by the extracted bromine, and 
the aqueous layer will be colorless. The two layers are easily 
separated mechanically. Since ether has a low’ boiling point, it is 
usually an easy matter to distill it and leave the desired substance 
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behind. Salts, mineral acids, and bases do not pass into an ether 
layer under such a treatment, but almost all organic substances, 
except salts and polyhydroxy compounds, are extracted to some 
extent. By repeating the process, many times if necessary, the 

organic material can be obtained 
in the ether layer. Figure 6 
shows a laboratory apparatus 
which automatically accomplishes 
a repeated extraction of an aque- 
ous solution. This is known as 
an apparatus for continuous 
extraction. The process of extrac- 
tion with ether is much used in 
the laboratory and in industry for 
the separation of organic from 
inorganic material. 

Ether is often used as a solvent 
in which the two substances are 
allowed to interact. Frequently 
for such purposes the ether must 
be free from water and alcohol as 
in the preparation of Grignard 
reagents. Such absolute ether is 
made by treating ordinary ether 
with anhydrous calcium chloride, 
and then distilling from metallic 
sodium or phosphorus pentoxide. 

Homologous Series of Ethers. 
The homologous series of ethers 
starts with methyl ether, the gas 
which is isomeric with ethyl 
alcohol; the first four members 
are given below. The lower mem- 
bers of this series are prepared 
either by the interaction of sulfuric acid and the alcohol in ques- 
tion at an elevated temperature or by passing the vapors of a 
primary alcohol through a tube heated to 260° and containing 
alumina (A1 2 G 3 ): 

■ • AlaOs ' ' 

2ROH — > ROR + H 2 0. 

260 ° 



Fig. 6. Apparatus for the con- 
tinuous extraction with ether of a 
small amount of an aqueous solution. 
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Name 

Formula 

Boiling 

Point 

Density 
at 20° 

Solubility 
Grams per 100 
Grams op Water 

Methyl ether 

ch 3 och 3 

- 25° 



1 vol. of water 

Ethyl ether 

CH3CH 2 OCH 2CH3 

4 - 35 ° 

0.714 

dissolves 37 
vols. of gas 

7.0 

Propyl ether 

CH 3 CH 2 CH 2 OCH 2 - 

CH2CH3 

4- 91° ‘ 

0.746 

6.0 

Butyl ether 

(CH 3 CH 2 CH 2 CH 2 ) 2 0 

4-143° 

(at 19°) 
0.768 

— 


Mixed Ethers. Ethers with two different groups are called 
mixed ethers. Such an ether is methyl ethyl ether. It can not 
be prepared conveniently by the usual reaction, but instead is 
prepared by the Williamson 1 synthesis. The equations are as 
‘follows: 

2 C 2 H 5 OH + 2 Na — ^ 2 C 2 H 5 ONa + H 2 , 

sodium ethylate 

C 2 H 6 ONa + CH 3 I — ^ C 2 H 5 OCH 3 +'NaL 

methyl iodide 

Instead of methyl iodide, dimethyl sulfate may be used: 

C 2 HfiONa + (CH 3 ) 2 S04 — > C 2 H 5 GCH 3 4- CH 3 0S0 3 Na. 

Chemical Reactions of Ethers. Chemically, the ethers are 
noted for their inertness; they do not react with such reagents 
as metallic sodium, phosphorus trichloride, or alkalies. They are 
broken down into two molecules by warming with sulfuric acid or, 
more rapidly, with aqueous hydrogen iodide, as the following 
reaction shows : 

C 2 H 6 OCH 3 + 2 HI — > C2H5I 4- CH 3 I 4- H 2 0 . 

This reaction is often used in determining the structure of ethers. 

Ethers of Industrial Importance. Dimethyl ether is manufactured today 
by the catalytic dehydration of methanol. It finds use as a refrigerant since 
it can be allowed to come in direct contact with foodstuffs during “quick 
freezing ” without imparting any foreign taste or odor. Isopropyl ether, 
(CHs) 2 CHOCH(CH 3 ) 2 ,' (b.p; 69°) is commercially available, and in many 
industrial extraction processes it is beginning to replace ethyl ether. It is 

1 First used by A. W. Williamson (1824-1904). Professor at University College, 
London. 
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actually cheaper than ether, and because of its lower volatility it is less hazard- 
ous to handle. Higher ethers such as those obtained from the amyl alcohols 
are now produced. Their chief use is as solvents. 

A Method of Naming Alcohols 

The usefulness of the idea of alkyl groups is illustrated by the 
method commonly employed in naming those alcohols which are 
higher members of the methyl alcohol series. Such alcohols are 
named as derivatives of methyl alcohol, CH 3 OH, which is called 
carbinol when it is thus considered as a parent substance . We then 
name the alkyl groups which are attached to the carbon atom 
which holds the OH group. Such alkyl groups are substituents 
since they may be regarded as having been substituted in place 
of a hydrogen atom of the parent substance. Trimethyl-carbi- 
nol is : 

CH, 

CH3-COH 

CH./ 

this is also written as (CH 3 ) 3 COH. 

Methyl-ethyl-carbinol is: CH3CHOHCH2CH3. 
Metbyl-isopropyl-carbinol is: CH 3 

^CHCHOHCHa, 

CH* 

This is also written as (CH 3 ) a CHCHOHCH 8 . 

For the sake of clarity, where there are a number of different 
alkyl groups hyphens are often used to separate the prefixes. It is 
equally correct to write an unhyphenated word, for example, 
methylisopropylcarbinol; it is usually considered incorrect , how- 
ever, to write methyl isopropyl carbinol. In this book we shall 
use hyphens whenever there are prefixes representing several 
substituents. It is to be noted, however, that in the case of 
ethers where a general class name is used the nomenclature does 
not involve the idea of a substituent, and the alkyl groups are 
written separately, thus: methyl ethyl ether. 

A convenient tabulation of the types of compounds we have 
so far considered in this book is given below: 
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Name 

General 

Specific example 


FORMULA 


Alcohol 

ROH 

CH3OH methyl alcohol 

Ether 

ROR 

C2H5OC2H5 ethyl ether 

Mixed ether 

ROR' 

C2H5OCH3 methyl ethyl ether 

Alkyl iodide 

RI 

CH 3 I methyl iodide 

Alkyl bromide 

RBr 

C 2 H 5 Br ethyl bromide 

Alkyl chloride 
Alkyl halide in 

RC 1 

C2H5CI ethyl chloride 

general 

Esters 

RX 

see above 

Alkyl nitrate 
Alkyl sulfuric 

rono 2 

C2H5ONO2 ethyl nitrate 

acid 

roso 3 h 

C2H5OSO3H ethyl sulfuric acid 

Alkyl sulfates 

roso 2 or 

CH3OSO2OCH3 dimethyl sulfate 


QUESTIONS AND PROBLEMS 

1- Write structural formulas for: (a) ra-butyl ether; (b) methyl isopropyl 
ether; (c) triethyl-carbinol; (d) dimet hy 1-isopropyl-carbinol ; (e) diethyl- 
propyl-carbinol. 

2. Name the following: (a) CH 3 CHOHCH 2 CH 3 ; (b) (C 2 H 5 )2CHOH; 
(c) (CH 3 ) 2 COHCH (CH 3 ) 2 ; (d) CH3OCH (CH 3 ) 2 ; (e) (CHsLCHCHsOH; 
(f) CH3CH2CH2ONO; (g) (CH 3 ) 2 CH 0 N 0 2 ; (h) CH3CH 2 CH 2 CH2Br; (i) 
CH 3 CH2CHICH 3 . 

3. Write balanced equations showing: (a) the reactions used in the com- 
mercial preparation of ether; (b) two methods of preparing ethyl iodide; (c) 
preparation of methyl ethyl ether; (d) how you could distinguish between 
CH3CH2OH and CH3OCH3. 

4. Write structural formulas for: isopropyl iodide; n-butyl bromide; 
tertiary butyl chloride; propyl chloride; n-butyl sulfuric acid. 

5. How can one prepare n - amyl alcohol from n-amy 5 iodide? n-butyl 
alcohol from n-butyl nitrate? Write equations. 

6. What is the Grignard reaction? Illustrate. 

7. In what respects are the esters of nitric acid similar to the alkyl halides; 
in what respects different? 

8. Why is methyl iodide more commonly employed in the laboratory than 
methyl bromide? 

9. Write a balanced equation for the following reactions : (a) propyl-ethyl- 
carbinol and phosphorus tribromide; (b) ethyl magnesium bromide and 
ethyl alcohol; (c) isobutyl bromide and moist silver oxide; (d) n-amyl iodide 
and sodium methylate; (e) sodium ethylate and dimethyl sulfate. 

10. By the use of Williamson’s synthesis, how much ethyl and methyl 
alcohol are necessary to prepare 50 gms. of ethyl methyl ether, assuming an 
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80 per cent yield in each step? (Consider the reaction of sodium and an 
alcohol to be quantitative.) 

11. List the typical reactions of alkyl halides, and point out the significance 
of each. 

12. Why is it necessary to use absolute ether in preparing the Grignard 
reagent? Starting with the crude product obtained from the laboratory 
method of preparing ether, how would you proceed to make absolute ether? 

13. Write the structures of all the isomeric chloro compounds which have 
the empirical formula C4H9CI. 




CHAPTER III 

SATURATED HYDROCARBONS. PETROLEUM 

It is unnecessary to emphasize the importance of petroleum. 
Every one realizes to what extent the world is dependent on it 
as the source of that magical fluid, gasoline, which has made 
possible the automobile. To meet the ever-increasing demand, 
an enormous number of wells have been drilled and the search for 
the precious liquid has spread to all quarters of the globe . Although 
this is common knowledge, relatively few people understand 



YEAR 

Fig. 7. Chart showing the increase in the annual gasoline production in the 
United States and the increase in automobile registration. 

Gasoline production in millions of barrels each holding 42 gallons; automobile 
registration in millions. 

that in the production of gasoline from petroleum there is a 
chemical problem, still only partially solved. The amount of 
gasoline which can .be obtained from petroleum has been greatly 
increased in recent years by a chemical transformation of the 
high-boiling portions of the crude oil (essentially kerosene) into 
gasoline. A considerable portion of the gasoline supply today is 
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jj u manufactured ” in this way, and this has enabled the oil industry 

\ to keep pace with the production of automobiles (Fig. 7). If 

jj a still higher yield of gasoline could be obtained, the exhaus- 

jj tion of the crude oil supply would be further postponed. To 

I understand the problems of the manufacture and use of auto- 

| mobile fuels, we must study those substances, — the hydro- 

| carbons — which constitute more than 90 per cent of crude 

| petroleum. 

j Petroleum, a Mixture of Hydrocarbons. Both petroleum and 

gasoline are complex mixtures, and one can not define them 
1 accurately in chemical terms. It has been possible to isolate 

I comparatively few pure substances from petroleum. These are 

hydrocarbons, — substances composed solely of carbon and hydrogen . 
They may be classified according to the relative number of carbon 
I and hydrogen atoms. Thus, we have a series in which the num- 

| ber of hydrogen atoms is two more than twice the number of 

| carbon atoms: thus, CH 4 , C 2 H 6 , C 3 H 8 , etc.; this may be expressed 

by the general formula, C n H 2 n+ 2 - This is called the paraffin, 
methane, or alkane series. 

j Some Normal Paraffin Hydrocarbons 

i Molecular Formula Name Boiling Point Melting Point Density at 20° 

CH 4 Methane —161° —184° — 

- CaHs Ethane — 88° — — 


c 3 h 8 

Propane 

- 45° 

— 

— 

C 4 H 10 

n-Butane 

■+ 0.6° 

— 

0.601 at 0° 

C 5 H 12 

71 -Pentane 

36° 

— 148° 

0.631 

CeHi4 

71 -Hexane 

69° 

- 94° 

0.658 

c 7 h 16 

w-Heptane 

98° 

— 

0.683 

CsHzs 

71 -Octane 

126° 

- 98° 

0.702 

CgH 20 

77-Nonane 

150° 

- 51° 

0.719 

C 10 H 22 

Decane 

174° 

- 32° 

0.747 

CnH 2 4 

Undecane 

194.5° 

- 26.5° 

0.758 

C 12 H 26 

Dodecane 

214-216° 

- 12° 

0.768 

C 13 H 28 

Tridecane 

234° 

- 6.2° 

0.757 

C 14 H 30 

Tetradecane 

252.5° 

5.5° 

0.774 at mp. 

CifiHss 

Pentadecane 

270.5° 

10° 

0.776 “ “ 

C 16 H 34 

Hexadecane 

287.5° 

18° 

0,775 “ “ 

C 17 H 36 

Heptadecane 

303° 

22.5° 

0.777 “ “ 

CisHss 

Octadecane 

317° 

28° 

0.777 41 “ 

CtdBUo 

Nonadecane 

330° 

32° 

0.777 “ 

C 20 H 42 

Eicosan 

■ .. • • •: • 

205° 

(at 15 mm.) 

36.7° 

0.778 44 41 
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Pennsylvania petroleum seems to be largely composed of hy- 
drocarbons of this series, and the name paraffin is applied to 
' the waxlike solid obtained as a residue from this oil by distil- 
lation. Natural gas contains the more volatile members of this 
series. 

Since petroleum is such a complicated mixture of a variety of 
hydrocarbons, a detailed consideration of it is out of the question 
in an elementary course. Indeed, the experimental difficulty 
of separating pure compounds from gasoline or crude oil has 
been so great that there is still uncertainty on many fundamental 
chemical points. A knowledge of the chemistry of the various 
types of hydrocarbons is obviously the first step in the understand- 
ing of petroleum products. Fortunately, this can be fairly readily 
attained in the laboratory since there are many varied methods of 
preparing pure representative hydrocarbons. 

Some of the fields yield petroleums which are composed of com- 
pounds containing less hydrogen than the methane series; they 
are the naphthene or cycloparaffin hydrocarbons (Chap. XXVI) 
and have the general formula of C n H 2 n. These hydrocarbons also 
occur in considerable amounts in the less-volatile fractions of 
Pennsylvania petroleum. 

Still other types of hydrocarbons are represented by the ethylene 
series (also C«H 2 n) and the aromatic series C n H 2n _ 6 ; members of 
these series occur to some extent in crude petroleum and are fre- 
quently found in connection with its chemical transformations; 
they will be considered in Chaps. IV and XVIII. 

Paraffin or Alkane Hydrocarbons 

Preparation. Pure members of the paraffin series are most 
conveniently obtained by the action of water on the Grignard 
reagent. This reaction was described in the last chapter; another 
example is given below: 

dry 

C 2 H 6 Br + Mg — ^ C 2 H 6 MgBr 

ether 

OH 

C 2 H 5 MgBr +. H 2 0 — ^ C 2 H 6 + Mg^ 

ethane \ 

Br 

It will be noted that this method of preparing ethane amounts 
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to the replacement of a bromine atom by an atom of hydrogen; 
it may be regarded as an indirect reduction brought about in 
two steps. Alkyl halides may also be converted into the corre- 
sponding hydrocarbon by direct reduction with “ nascent hydro- 
gen generated by such combinations as zinc and acid, sodium 
and alcohol, or sodium amalgam and water. 

C 2 H 5 Br 4 2[H] — ^ C 2 H 6 4 HBr. 

“ nascent 
hydrogen ” 


The higher alkyl iodides may be reduced to hydrocarbons by 
heating with hydrogen iodide: 

C»H2n+iI 4 HI — > C»H2w+2 4* 3-2* 

Higher members of the series may be prepared by joining two 
alkyl groups by the Wurtz 1 reaction in which metallic sodium 
reacts with an alkyl halide (or a mixture of two halides). 


I + 2Na 


CH 3 CH 3 + 2NaI, 

ethane 


CH S I + 2Na 4 C 2 H 5 I — ^ CH 3 CH 2 CH 3 4 2NaI. 

propane 


If two different alkyl halides are employed tnere will be always 
two products besides the desired hydrocarbon. Thus in the 
example just given, some ethane, CH3CH3, and some butane, 
CH3CH2CH2CH3, will also be formed. Unless the three products 
boil quite far apart it is very difficult to separate such a mixture. 
This fact limits the use of the Wurtz reaction. 

Derivatives of Hydrocarbons. In the methods illustrated 
above, we have prepared hydrocarbons by employing alkyl 
halides which, in turn, can be prepared from the alcohols. An 
inspection of the formulas for methyl alcohol and methane shows 
that the latter may be regarded as formed by the replacement of 
the hydroxyl group by hydrogen. Although this can not be 
accomplished directly, it can be done indirectly through the alkyl 
halide and the Grignard reaction, as shown below . 2 

HI Mg H 2 0 

ROH — > RI — > RMgl — > RH. 

1 Adolph Wurtz (1S17-1SS4). Professor at the Ecole de Medicine, Paris. 

2 In writing a series of chemical reactions which are involved in the synthesis of 
one compound from another it is often convenient to indicate the important reagent 
over the arrow. These are not equations and, therefore, are not balanced. 
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The relationship between the alcohols we have studied and the 
corresponding paraffin hydrocarbons is illustrated below: 


ALCOHOL 

Alkyl iodide 

Hydrocarbon 

Name op 
hydrocarbon 

C„H 2n+1 OH 

C n H2?i il 

CnH. 2 n +2 


ROH 

RI 

RH 


CH3OH 

CH 3 I 

ch 4 

methane 

CH 3 CH 2 OH 

CH S CH 2 I 

CH3CH3 

ethane 

CH3CH 2 CH 2 OH 

CHsCHOHCHs 

CH 3 CH 2 CH 2 I 

CH3CHICH3 

} ch 3 ch 2 ch 3 

propane 


The alcohols and alkyl halides are often spoken of as deriva- 
tives of the paraffin hydrocarbons. A derivative of a hydro- 
carbon is a substance which might be prepared from the hydro- 
carbon by the replacement of a hydrogen atom by a group or an 
atom. This is a purely formal relationship which is useful in 
classification. It does not state that the derivatives of the 
hydrocarbon are prepared in this way. Indeed, we shall see that 
they almost never are! 

Methane, The first member of the paraffin series of hydro- 
carbons deserves a few words of special comment. Since it con- 
tains only one carbon atom it may be regarded as the simplest 
organic compound (the oxides of carbon and carbon itself are 
usually regarded as being outside the field of organic chemistry). 
Unless hydrogen has a valence greater than one, there can be no 
question of the structure of methane; its very existence demon- 
strates that carbon has a valence of four. 

There are two special methods of preparing methane which are not applic- 
able to the higher members of the series. These are : 

Ni catalyst 

1. CO + 3H 2 — > CH 4 + H 2 0 

2. AI 4 C 3 + 12H 2 0 — 4- 4A1(0H) 3 

Methane is formed by the anaerobic fermentation of vegetable matter, a 
condition prevalent in the marshes. Since the gas which results from this 
process is largely methane, the latter is often called marsh gas. Methane is 
also present in large amounts in the hazardous gas known to the miners as fire 
damp. Natural gas and manufactured illuminating gas contain a high per- 
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centage of methane. A large industrial use for methane is in the production 
of commercial hydrogen. In this process steam and methane are heated to 
800°-1000° C. in the presence of special catalysts. The products are hydrogen 
and carbon monoxide. The latter can react further with steam at 500° C. 
using a different catalyst to give carbon dioxide and hydrogen. Thus, four 
molecules of hydrogen are obtained from one of methane 

catalyst 

CH 4 + H 2 0 — > CO + 3H 2 

high temperature 
catalyst 

CO + H 2 0 — ^ co 2 + h 2 

500° 

Isomerism in the Paraffin Series. It will be noticed that only 
one substance, propane, corresponds to both propyl and isopropyl 
alcohols. Isomerism in the series of the paraffin hydrocarbons 
is not met with until we come to the butanes, C 4 Hio- There 
are two of these, n-butane, CH3CH2CH2CH3, and isobutane, 
€H 3 

^CHCH 3 ; they boil at +0.6° and —10° respectively. The 
CH 3 

structural theory predicts three pentanes, C 5 H 12 , and three and 
only three such compounds are known; they are listed below: 

Isomeric Pentanes (C 5 Hi 2 ) 


Name 

Formula 

Boiling Point 

' ' ■ """ . ■ ■ - 

n-Pentane 

CH 3 CH 2 ch 2 ch 2 ch 3 

36° 

Dimethyl-ethyl-methane 

(CH 3 ) 2 CHCH 2 CH3 

28° 

Tetramethylmethane 

(CH 3 ) 4 C 

10 ° 



The student should satisfy himself that no other arrangement 
of the atoms is possible in these cases. 

A rather complicated mathematical formula has been developed for calcu- 
lating the number of possible isomers of a paraffin hydrocarbon. The results 
of applying this formula are rather startling as they show that the number of 
possible isomers mounts rapidly as we proceed up the series. Thus while there 
are only nine possible isomeric heptanes (all of which are known) there are 


366,319 possible isomers with the formula C 20 H 42 . Calculation further shows 
that the number of isomeric hydrocarbons reaches 69,491,178,805,831 when 
-we consider a paraffin hydrocarbon with forty carbon atoms! Needless to 
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say, only a very small portion of the total number of possible isomers has been 
prepared in the case of the hydrocarbons containing more than nine carbon 
atoms. 

Physical Properties. The lower members of the paraffin hydro- 
carbons are gases, the members above C4H10 are liquids, and 
above C16H34 solids at room temperature. They are all insoluble 
in water. The boiling points of the straight-chain compounds are 
plotted in Eig. 8. As in the case of the alcohols, the boiling 
point increases with increasing molecular weight; the rate of 
increase is greater with the lower members than with the higher 
(the curve becomes flatter). It is convenient to remember that 



Fig. 8. The boiling points of the normal paraffin hydrocarbons, CH 4 to C 19 H 4 o. 

n-pentane (C5H12) is the simplest member of the series that is 
liquid at ordinary temperatures. The highest straight-chain 
member of the series which has been so far prepared is hepta- 
contane C70H142, a solid melting at 105°. The largest paraffin 
hydrocarbon so far synthesized, C^Higo, has a molecular weight of 
1318. It is a chain of 76 carbon atoms to w r hich are attached 18 
methyl groups. 

In general the straight-chain hydrocarbons have a higher melting point 
than the branched-chain compounds, and the melting point rises regularly with 
increase in molecular weight. However, the melting point of a compound is 
determined by other factors than the molecular weight (for this reason, it is 
much more difficult to predict melting points than to predict boiling points). 
In particular the melting point of very symmetrical molecules is almost 
always surprisingly high. For example, the octane (CHs) 3 C — C(CHb ) 3 is a 
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crystalline solid at room temperature, melting at 103°-104° which is only a 
few degrees below its boiling point (106°); on the other hand n-octane melts 
at —98°. 

Nomenclature of Paraffins. The names of the simple members 
of the series follow the alcohols: e.g., eth-yl alcohol, eth-ane. 
The five-carbon compound is an exception: instead of the expected 
u amane ” the name pentane is used. From this point on, the 
number of carbon atoms is denoted by the prefix: thus, hexane, 
C 6 Hi 4 ; heptane, C 7 H 16 ; octane, C 8 Hi 8 ; nonane, C 9 H 20 ; decane, 
C 10 H 22 . 

In naming complicated hydrocarbons, a system similar to 
that employed with the alcohols is often used. It will be recalled 
that methyl alcohol is considered as the parent substance; simi- 
larly, in naming the hydrocarbons, methane is chosen as a basis 
for the nomenclature. A convenient rule to remember is the 
following: the most highly substituted carbon atom is considered the 
center of the molecule and the alkyl groups attached to it are 
named. Thus: 

CHa 

CHCH2CH3 is dimethyl-ethyl-methane ; 

ch 3 / 

(CH3)2CHC(CH 3 )s is trimethyl-isopropyl-methane. 

Here we have printed the central carbon atom in heavy type to 
illustrate the method of nomenclature. This is, of course, not 
usually done. It is advisable to practise the writing and naming 
of a variety of hydrocarbons to be certain that one is familiar 
with the principles employed. 

The Geneva System of Nomenclature. The naming of com- 
plex substances presents many difficulties. Methods of naming 
simple substances are sufficient for the purposes of our elementary 
study of the subject, but they do not suffice when more compli- 
cated compounds are considered. In 1892 a congress of chemists 
adopted a systematic scheme of nomenclature. This system has 
become known as the “ Geneva System.” The paraffin hydro- 
carbons are named according to the longest continuous chain; the 
name of the hydrocarbon with this number of carbon atoms is 
modified by noting what alkyl groups are attached to the chain. 
The chain is numbered and the position of the substituent alkyl 
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groups indicated by a number. For example, the hydrocarbon, 

CH S 

1 2 3 4 I 

CH3CHCH2CH3, is 2-methylbutane; CH 3 CH 2 CCH 2 CH 2 CH 3 , is 3, 

CH 3 CHs 

CH S CH 2 CH 3 

I I 

3- dimethylhexaneand CH 3 CH 2 CH - CHCH 2 CH 2 CH 3 is 3-methyl- 

4- ethylheptane. 

The alcohols of the series C n H 2n4 .iOH are named as derivatives 
of the hydrocarbons CJE 2n+2 . The terminal ending -ol is added 
to the name of the parent hydrocarbon, which is always considered 
as corresponding to the longest chain in the molecule. The 
following examples illustrate the naming of alcohols by the Geneva 
system: CH 3 CHOHCH 2 CH 3 is butanol-2 (the 2 indicates the posi- 
tion of the hydroxyl group), CH 3 CHOHCHCH 2 CH 3 is 3-methyl- 

CH 3 

pentanol-2. The alkyl halides are named by considering them as 
chloro, bromo, or iodo derivatives of the paraffin hydrocarbons 
and indicating the position of the halogen atom by a number; 
thus, isopropyl bromide, CH 3 CHBrCH 3 is 2-bromopropane. The 
system includes all the many types of compounds which are 
known (e.g. y unsaturated hydrocarbons, aldehydes, ketones, 
acids, cyclic compounds); in each case a hydrocarbon is con- 
sidered as the parent substance and a characteristic ending of the 
name shows the reactive group. 

Chemical Properties of Paraffins. The paraffin hydrocarbons 
are characterized by their chemical inertness. They do not 
react with metallic sodium, phosphorus trichloride, bromine water, 
or potassium permanganate. When ignited in the presence of 
air or oxygen, they burn; if the proportions of vapor and oxygen 
are within certain limits, the combustion is explosive. The lower 
members of the series bum with an almost non-luminous bluish 
flame. The most important industrial uses of the paraffin hydro- 
carbons is as a fuel and as a starting point for the manufacture 
of certain chemicals. 

Heats of Combustion. The combustion of an organic com- 
pound is a strongly exothermic reaction (i.e., heat is evolved). A 
knowledge of the amount of heat liberated when a particular 
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substance is burned is of great value in estimating its utility as a 
fuel. Heats of combustion are also of value in connection with 
calculations of theoretical interest which are concerned with the 
forces holding the molecule together. The heat of combustion is 
determined by burning a weighed quantity of the compound in an 
excess of oxygen in an apparatus known as a calorimeter and 
determining the amount of heat evolved. The results are usually 
expressed in kilogram calories (kg. cal.) per mole. If we wish to 
state how much heat is evolved or absorbed in a given reaction, it 
is common to express this by writing the amount on the right hand 
side of the equation. Thus the combustion of gaseous methane 
is written: 

CH 4 d* 20 2 — > C0 2 + 2H 2 0 + 210.8 kg. cal. 

For practical purposes in connection w r ith the fuel value of 
liquids it is often more important to know the amount of heat 
evolved in the combustion of a given weight of material rather than 
per mole. In the table below both methods of expressing the 
results are given for a number of gaseous and liquid paraffin 


Heats of Combustion 


Molecular 

Formula 

Substance 

Kilogram 
Calories 
per Mole 

Kilogram 
Calories 
per Kilo 

ch 4 

(A) Gases 

Methane 

210.8 

13,200 

c 2 h 6 

Ethane 

370.4 

12,300 

CsHs 

Propane 

526.3 

11,980 

CJrlio 

Isobutane 

683.4 

11,780 

C 5 H 12 

n-Pentane 

838.3 

11,620 

CgHia 

Isopentane 

843.5 

11,715 

c 2 h 2 

Acetylene 

312 

12,000 

c 2 h, 

Ethylene 

332 

11,860 

CO 

Carbon monoxide 

67.2 

2,400 

h 2 

Hydrogen 

68.4 

34,200 

CoHh 

(B) Liquids 
72-Hexane 

990 

11,520 

C,Hl« 

n-Heptane 

1149 

11,499 

c 8 h 18 

n-Octane 

1305 

11,430 

C 10 H 22 

72-Decane 

1610 

11,500 

CH 30 H 

Methyl alcohol 

170 

5,350 

C 2 H 50 H 

Ethyl alcohol 

328 

7,140 
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hydrocarbons; in the case of the gases the molar basis is equivar 
lent to giving the heat per unit volume of gas (approx. 22 liters 
N.T.P.). For comparison the heat of combustion of two alcohols, 
carbon monoxide, and certain other substances are included. It is 
evident that the heat of combustion per mole of the paraffin 
hydrocarbons increases regularly with increase in the number of 
carbon atoms. Since the weight of one mole also increases, the 
heat evolved per kilogram burned is actually somewhat less for 
propane than for methane but is nearly constant for the higher 
members of the series. Methyl and ethyl alcohols are clearly 
much less satisfactory sources of heat than the hydrocarbons, 
since the heat of combustion is much less either calculated per 
mole or on a weight basis. Carbon monoxide is inferior to methane 
on either a gaseous volume or weight basis. Such facts are of great 
importance to the engineer who wishes to calculate the fuel value 
of a mixture of gases. 

It is an interesting fact that although gasoline has a fuel value of about 
10,500 kg. cal. per kilo and ethyl alcohol only 7,140 kg. cal. per kilo, the two 
yield nearly the same power when used in an internal combustion engine. 
This is because the amount of power yielded by a given engine is determined 
by the amount of heat available per unit volume of combustible mixture in the 
cylinder . Now since gasoline is a hydrocarbon mixture with approximately 
the composition C 7 H 16 it takes about 3.6 times as much air to bum a given 
volume of gaseous gasoline as is required to burn the same volume of alcohol 
vapor. This is evident from the following equations (air is taken as O 2 + 4N 2 ) : 

C 7 H 16 + IIO 2 + 44N 2 — ^ 7C0 2 + 8H 2 0 -f 44N 2 (11+44 vols. of air), 

C2II5OH + 30 2 + 12N 2 — > 2C0 2 + 3H 2 0 + 12N 2 (3 + 12 vols. of air). 

air 

A reference to the table shows that per unit of gaseous volume (i.e., per mole), 
heptane, C7H16, evolves on burning about 3.5 times as much heat as alcohol. 

11+44 

This greater output of heat is offset by the fact that about or about 

3.6 times as much air is required, and in an automobile cylinder of a given 
siise there is consequently only room for about a third as much gasoline vapor 
as alcohol. Of course, there are other factors involved in determining what is 
the best fuel for an internal combustion engine, but on the power basis alone, 
alcohol is nearly as satisfactory as gasoline. 

Halogenation. The paraffin hydrocarbons react with either 
bromine or chlorine (but not iodine) in the presence of light; the 
halogen atoms replace one or more hydrogen atoms. The general 
reaction is called halogenation, a term which includes chlorination 
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(action of chlorine) and bromination (action of bromine). These 
reactions are substitution reactions; the hydrogen atom is substi- 
tuted by a halogen atom. As an example of halogenation the 
action of chlorine on methane may be given. The reaction is 
difficult to control, and a mixture of products usually results 
(CH3CI, CH 2 C 1 2 , CHCI3, CCU): 

CH 4 + CI 2 — ^ CHaCl + HC1, 

CH 3 CI + Ch — > CH 2 C1 2 + HC1, 

and further chlorination products (CHCI 3 , CCh). 

Alcohols from Hydrocarbons. The first reaction written above 
should enable us to go from the hydrocarbon, methane, to the alkyl 
halide, methyl chloride. From this, in turn, we could prepare 
methyl alcohol. In practice this is difficult, but the reactions 
have been used in attempting the commercial preparation of 
methyl chloride from methane. This hydrocarbon is the chief 
constituent of natural gas in many localities. The presence of 
strong light favors the reaction, and many patents have been 
issued for the processes of chlorinating natural gas. With the 
advent of synthetic methyl alcohol from water gas, this reaction 
is not of much economic interest. 

The halogenation of paraffin hydrocarbons is never used in the 
laboratory for preparative purposes , because the reaction forms a 
great variety of products and is difficult to control. This is also 
true in industry with the exception of a few processes which 
include the production of a mixture of amyl alcohols from the 
isomeric pentanes obtained from natural gas. The pentanes may 
be separated from the other hydrocarbons present in the gas by a 
process of condensation and fractionation. The chlorination is 
controlled so that only one hydrogen atom is replaced. The amyl 
chlorides, thus formed, are hydrolyzed to the alcohols by the 
action of sodium hydroxide under special conditions. The steps 
may be represented as follows: 

CI 2 NaOH 

C 5 H 12 — CsHuOl — ^ C5H11OH. 

The mixture of amyl alcohols is known as “ pentasol.” It is 
used in the preparation of esters for solvents of lacquer paints 
(p. 319). 

Thermal Decomposition. The members of the paraffin series 
on heating to a high temperature (300°-600°) decompose into 
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smaller molecules. Examples of such reactions (pyrolysis) are 
represented by the following equations: 

500 ° 

C&H12 >- C3H6 + C2H6, 

500 ° 

CsHis ^ Cm + 2C2H4 + CsHe. 

In every case a number of different reactions takes place and a 
great variety of products is formed. Olefin hydrocarbons (Chap. 
IV) are generally produced during such pyrolytic reactions. Hy- 
drogen, also, is often a product. The structure of the hydrocarbon, 
the temperature, the pressure, and the presence of catalysts influ- 
ence the rate of the thermal decomposition and the nature of the 
products. The significance of these reactions in the production of 
gasoline has been mentioned earlier in this chapter and will be 
referred to again. 

Distillation of Petroleum. Petroleum as it comes from the 
ground is a rather viscous, highly colored liquid. The first step of 
refining is essentially a distillation to separate the more volatile 
from the less volatile materials (see Fig. 9). The lowest boiling 
portion (below 70°) is sometimes used in the laboratory as a sol- 
vent; it is known as ligroin or petroleum ether. When obtained 
from Pennsylvania oil, it is largely composed of pentanes and 
hexanes. The material which boils between 85° and 200° is usually 
sold as gasoline. Kerosene is the next fraction; it usually boils 
in the range 200°-300°; it will not take fire directly, but, if allowed 
to moisten a wick in a suitable lamp, it will burn with a pleasant 
luminous flame. 

The residual oil left after the gasoline and kerosene have been 
distilled is called “ topped crude ” or fuel oil. It is used as fuel. 
For the most part, fuel oils are blown out from a nozzle in the form 
of a fine spray mixed with air or steam. This spray is ignited and 
gives a hot flame. Locomotives and steamships are often fired 
with crude oil. 

Certain kinds of crude petroleum yield on distillation high- 
boiling oils which are used as-lubricating oils and a solid, waxlike 
material, paraffin, used in the manufacture of candles. Such oils 
are said to have a “ paraffin base.” From them are also prepared 
soft greases such as vaseline, which is essentially paraffin mixed 
with some liquid hydrocarbon which has not been removed in the 
refining. Other varieties of petroleum do not give lubricating 
oils and paraffin but a thick, black pitch, which is used in roofing 
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and paving; such oils are called “ asphaltic.” Pennsylvania 
petroleum has a paraffin base; Mexican and Californian oils are 
for the most part asphaltic. “ Liquid petrolatum,” or u mineral 
oil,” is a carefully refined, high-boiling distillate obtained from 
certain oils which do not yield paraffin. 



Fig. 9. Diagram of a modem crude oil distillation unit. 

It will be noted that the crude oil starts at the upper right hand corner of the 
diagram and the products are taken off below on the right. 


Petroleum Refining. The method of further refining petroleum 
distillates depends on the kind of objectionable components in the 
fractions. The undesirable materials are olefin hydrocarbons 
(Chap. IV) which cause gum and tar formation, aromatic hydro- 
carbons (Chap. XVIII) which when present in high concentration in- 
terfere with uniform performance of engines, and sulfur compounds 
which have bad odors and produce sulfur dioxide when burned. 

The elimination of the first two undesirable components is 
generally brought about by treating the petroleum fraction for a 
short time in the cold with fairly concentrated sulfuric acid. 
Under specially controlled conditions, the paraffins and cycloparaf- 
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fins are unaffected. To remove traces of acid, the fraction is agi- 
tated with sodium hydroxide solution. Sulfur compounds are 
removed by special methods. 

Two other methods of refining are now used. In one method 
the hydrocarbon fraction is extracted with an immiscible solvent 
which removes the undesirable components. The solvents used 
are liquid sulfur dioxide, /3, /3-dichloroethyl ether (p. 177), furfural 
(p. 512), and phenol (p. 352). The extraction method is widely 
used in the refining of lubricating oils and to a less extent for gaso- 
line refining. The other process of refining is to pass the petroleum 
vapors through a column of natural clay, silica gel, or activated 
charcoal. In this method the undesirable components are selec- 
tively adsorbed from the petroleum mixture. 

Cracking Process. When petroleum was first refined, kerosene 
(b.p. 120°~280°) was the desired product. Since the advent of the 
automobile, the important product of the petroleum industry has 
ceased to be kerosene and has become gasoline. Prior to the use 
of automobiles, the lower boiling fractions were thrown away or 
used to dilute the kerosene. Later the difficulty was to produce 
sufficient gasoline. In spite of the great number of oil fields which 
have been discovered our supply of gasoline in normal times would 
be quite inadequate without the gasoline produced by the “ crack- 
ing ” process. The effect of this process on our oil supply is obvi- 
ous. During 1934 the cracking process produced an amount of 
gasoline equivalent to the yield from 792 million barrels of crude oil 
by straight distillations. This quantity of crude oil was about 
46 per cent of the total used for all purposes during that year. 

There are several different processes for producing gasoline by 
cracking. In all of them the large molecules of the less volatile 
constituents of petroleum undergo thermal decomposition (p. 51) 
producing simpler substances with lower boiling points. Since 
petroleum itself is such a complex mixture, it is impossible to write 
an equation representing these reactions. The hypothetical 
equation written below may be taken as a representative of the 
types of changes which probably occur. 

400°-700° 

C12H26 > CsHu + C5H12 + C, 

b.p. 210° b.p. 69° b.p. 36° 


400 °- 


700° 

, CM* + c 5 h 10 . 

b.p. 98° b.p. 38° 
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Figure 10 shows the essential parts of the apparatus used in the 
Dubbs cracking process. 



Pig. 10. Simplified diagram of the Dubbs apparatus for cracking petroleum oils. 


By-Products of Cracking. During the cracking process enor- 
mous amounts of gas are formed which consist chiefly of low boil- 
ing paraffin hydrocarbons and olefins (Chap. IV). The latter 
by-product is extremely versatile in its reaction, and it forms the 
basis of a very large synthetic industry. We shall discuss some of 
the features of this interesting industry in detail at a later time 
(Chap. IX). 

The manufacture of an exceptionally fine gasoline from crack- 
ing gases is of considerable importance. In this method gases rich 
in olefins are passed over a phosphoric acid catalyst at relatively 
high temperatures and pressures. Under these conditions a 
process known as polymerization occurs (p. 76), and a gasoline 
mixture is formed. The product is referred to as “ polymerized 
gasoline,” and it is particularly suited as an aviation fuel. 

Gasoline from Natural Gas. Considerable gasoline is obtained 
from natural gas which occurs with petroleum in many fields. 
The natural gas is usually a mixture of the gaseous members of 
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the paraffin series but carries as vapor many of the compounds 
which are liquid at ordinary temperature (C 5 H 12 — CsHis). By 
compression, or absorption on charcoal or in heavy oil, it is possi- 
ble to remove the less volatile vapors from the gas. The casing- 
head gasoline thus produced is relatively low-boiling. It is 
often mixed (or “ blended ”) with some of the higher boiling gaso- 
line obtained from the distillation of petroleum and called “ high 
test ” gasoline. 

Anti-Knock Gasolines. An internal combustion engine which 
has a high compression is more efficient than an engine with a low 
one. High compression engines, how r ever, knock badly with many 
samples of gasoline. As a result of a great deal of experimentation 
it has been found that this knocking can be avoided by adding a 
small amount of lead tetraethyl to the gasoline (p. 29). Gasoline 
containing lead tetraethyl is sold as “ ethyl gas.” 

It has also been found that the tendency of an engine to knock 
depends on the nature of the gasoline. Certain branched hydro- 
carbons and ethylenic hydrocarbons (p. 58) are better in this 
respect than the normal paraffin hydrocarbons. 

Gasolines from certain sources are superior to others in regard 
to their anti-knock properties. Because of this they are often 
blended with inferior gasoline in order to improve the performance 
of the latter. 

The knock rating of gasoline is determined by using a sample of the gasoline 
in a special engine of such high compression that it knocks very badly on all 
except the very best fuels. The knocking is recorded by means of a so-called 
“ bouncing-pin.” This is a device whereby every time the engine knocks, a 
metallic pin rises and evokes an electrical contact; the duration of this contact 
is proportional to the severity of the knock. A suitable electrical recording 
system is connected with the bouncing pin. A certain grade of gasoline with 
very low knocking power may be taken as a standard. Other gasolines are 
compared with the standard by determining how many cubic centimeters of 
lead tetraethyl must be added per gallon to reduce the knocking to that of 
the standard. The greater the amount of lead tetraethyl which must be added 
the worse the gasoline from the point of view of knocking. By means of such 
engine tests it has been possible to discover the best sources of gasoline of 
low-knocking power. In particular it has been possible to control cracking 
processes so that gasolines with a very low anti-knock rating can be produced. 

Gasoline Antioxidants. The presence of small amounts of 
ethylenic hydrocarbons (p. 58) in gasoline is desirable because 
of their anti-knock properties. How r ever, such a gasoline on 
standing develops undesirable colors and gums which impair its 
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efficiency as a motor fuel. This change is due to a peculiar air- 
oxidation, since when stored under nitrogen, the gasoline is 
perfectly stable. It was found that the addition of minute 
quantities of certain amino-phenols and other substances (Chap. 
XXI) checks the tendency of such gasoline to undergo gum for- 
mation; such substances are called inhibitors or antioxidants 
(Chap. XXIII). Today nearly all gasolines contain inhibitors. 

Motor Fuels from Coal. There are two industrial processes for the produc- 
tion of motor fuels from coal. They are used mainly in countries which do not 
have large deposits of crude oil. It is very probable that as the world’s oil 
supply is depleted, these processes will become more important. 

In one process carbon monoxide, prepared from coke by the water-gas reac- 
tion (p. 13), is allowed to react with hydrogen at high temperatures and 
atmospheric pressure in the presence of special catalysts. The petroleum so 
obtained is a mixture of straight and slightly branched hydrocarbons. This 
reaction is reminiscent of the synthesis of higher alcohols from carbon monoxide 
and hydrogen (p. 18). It again illustrates the fact that the conditions at 
which a reaction is carried out are of greatest importance, and furthermore that 
in many instances the course of the reaction may be changed by altering the 
conditions (compare with p. 32). 

The other important method of petroleum production essentially consists in 
suspending coal dust mixed with an iron catalyst in oil, pitch, or asphalt, heat- 
ing the mixture to 400° C., and passing in hydrogen at a pressure of 100-200 
atmospheres. The reactions involved are very complicated. Coal is not 
merely carbon but a complex mixture of organic compounds of high molecular 
weight together with elementary carbon. The combination of these com- 
pounds with hydrogen takes place under the influence of the catalyst; crack- 
ing also occurs and eventually a variety of hydrocarbons are formed. These 
can be fractionated into material suitable for use as gasoline and into lubricat- 
ing oils. It is reported that from one ton of soft coal 90-140 gals, of low boiling 
material corresponding to gasoline may be obtained. 

QUESTIONS AND PROBLEMS 

1. Describe briefly the refining of petroleum including a discussion of the 
process of “ cracking.” 

2. Write structural formulas for: diethyl-n-propyl-methane ; tetramethyl- 
methane; n-octane; dimethyl-diethyl-methane; isobutane; 2, 3-dimethyl-pen- 
tane. 

3. Name the following: (a) (CH 3 ) 2 CHCH(CH 3 ) 2 ; (b) (CH 3 ) 2 CHCH 2 CH 3 ; 
(c) (CHt)*CHC(CH«)(C*Hi)*;;' (d) (CH 3 CH 2 ) 2 CHCH 3 . 

4. Write balanced equations showing: (a) laboratory method of preparing 
propane from ^-propyl bromide; (b) the preparation of ethane from methyl 
iodide. 

5. Write structural formulas for all the isomeric hydrocarbons of the 
formula C<jHh. Name as many of these as you can. 
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6. To what series do the following hydrocarbons belong: (a) CgHis; (b) 

C24H50; (c) C7H14? 

7. With the aid of equations show how you could prepare the following 
hydrocarbons from n-butyl alcohol: (a) butane, (b) n.-octane. 

8. Why is methane a valuable constituent of illuminating gas? What 
properties of methane make it desirable in illuminating gas? 

9. List four methods of preparing methane, illustrating with equations. 

10. Which of the following reagents would you expect to react with n-pen- 
tane: (a) cone. H2SO4, (b) strong KOH, (c) oxidizing agents, (d) chlorine, 
(e) iodine? 

11. Explain why alcohols are not generally prepared from paraffin hydro- 
carbons. 

12. Calculate the heat evolved when 100 liters (N.T.P.) of (a) water gas 
(H 2 = 50 per cent, CO = 50 per cent) and (b) natural gas (assume it to be 
pure isobutane) is completely burned. Calculate the heat evolved per 100 
liters of the mixture of gas and sufficient air for combustion to carbon dioxide 
and water. Compare the results. 

13. Why is a Bunsen burner designed for water gas unsatisfactory when 
used with natural gas? 


CHAPTER IV 

UN SATURATED HYDROCARBONS 


In the cracking of petroleum oils, large amounts of hydrocar- 
bons are usually formed which are not members of the paraffin 
series. These hydrocarbons combine with bromine and chlorine, 
and are therefore spoken of as unsaturated hydrocarbons . The 
paraffins do not have this property and, therefore, are called 
saturated hydrocarbons . The unsaturated hydrocarbons always 
contain less hydrogen than the corresponding paraffins. Because 
the products of the action of chlorine on the unsaturated hydro- 
carbons w T ere oily liquids, these hydrocarbons were called “ ole- 
fiant ” or “oil making ” hydrocarbons. The word olefiant was 
later changed to olefin. 


Olefins 

The simplest unsaturated hydrocarbons are the members of the 
olefin or ethylene series. They have the general formula C n H 2 n; 
the first member is ethylene, C 2 H 4 (a gas b.p. — 104°), the next 
propylene, C 3 H 6 (b.p. — 47°). It will be noted that they contain 
two less hydrogen atoms than the corresponding members of the 
methane series (ethane C 2 H 6 , propane C 3 H 8 ). 

The Structure of Ethylene. The olefins combine with bro- 
mine or chlorine in such a way that a dibromide or dichloride is 
formed by the addition of two atoms of the element. Thus with 
ethylene the equation for the reaction is: 

C 2 H 4 + Br 2 — >C 2 H 4 Br 2 , 

ethylene ethylene dibrornide 

C 2 H4 + C1 2 — >c 2 h 4 ci 2 . 

ethylene dichloride 

This is an addition reaction. A chemical study of the products 
has shown that they must have the structural formulas 
CH^BrCEUBr and CH 2 CICH 2 CI, respectively. The evidence for 
this will be presented in a later chapter (p. 127). For the present, 
let us assume that the formula of ethylene dibromide is correct 
and consider the structure of the hydrocarbon. 
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If we attempt to write a structural formula for ethylene, we 
are confronted by the following possibilities: 



CH 2 - CH 2 
I i 
( 2 ) 


ch 2 - ch 2 

( 3 ) 


Formulas 1 and 2 may also be written as CH 3 CH and CH 2 CH 2 . The “ free 
bonds ” merely express our knowledge that carbon may have a valence of four. 
Corresponding to formula 1 we would write ^>PCb for phosphorus trichloride 
since we know that phosphorus may take on 5 atoms as in PClg. 


Since ethylene dibromide has the structure CH 2 BrCH 2 Br for- 
mula 1 is ruled out, because such a substance would add bromine, 
forming CH 3 CHBr 2 . If formula 2 were correct, one would expect 
to find other compounds containing a trivalent carbon atom, for 
example, CH 3 CH 2 CH 2 — (or CH 3 CH 2 CH 2 ). One would further 
expect that the compound represented by formula 2 would add 
one atom of bromine, forming CH 2 BrCH 2 — (or CH 2 BrCH 2 ) and 
then later another atom. Such “ stepwise ” addition has never 
been noted. With the exception of certain very special cases con- 
sidered in Chap. XXIV, we know of no compounds containing 
trivalent carbon. Free methyl, CBi, or free ethyl, C 2 H 5 , have 
never been isolated though they are capable of existing in the 
gaseous state for a very short time. In every case where one might 
be inclined to write a carbon atom with only three bonds, the 
apparently trivalent carbon atoms occur in pairs side by side. 
There is, therefore, every reason to believe that, in some way, the 
missing valences of the carbon atoms are bound to each other. 
We indicate this opinion by writing a double bond. 

The double bond is a convention signifying to the organic 
chemist the existence of two carbon atoms, side by side, 
each of which may add an additional monovalent atom 
or group. The double linkage is often spoken of as a point of 
unsaturation. Compounds with a double bond enter into many 
reactions in which they pass into compounds with a single linkage. 

Preparation of Olefins. The methods of preparing olefin 
hydrocarbons enable us to start with our common alcohols or 
substances easily made from them. All these reactions may be 
considered as elimination reactions; two atoms or groups are 
“ split out ” from the molecule leaving a double bond in their 
place. The first method given below was used for preparing 
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ethylene on a large scale during the World War in connection with 
the synthesis of a war gas, — “ mustard gas.” 

Dehydration of Alcohols . In the preparation of ethylene, alco- 
hol vapor is passed through a hot tube containing aluminum 
oxide or through a tower of coke impregnated with glacial phos- 
phoric acid. These catalysts cause the dehydration of the alcohol: 

ch 2 - CH 2 ~^$r> ch 2 = ch 2 4- h 2 o 

I | OOU 

[h 

This is a general and excellent method of preparing a great 
variety of olefins. Primary, secondary, and tertiary alcohols 
may be employed and, depending on the nature of the alkyl 
groups attached to the carbinol carbon atom, different substituted 
ethylenes will be formed. At lower temperatures (250°) the 
primary alcohols yield ethers, as was noted on page 34. Tertiary 
alcohols are particularly easy to dehydrate because the catalysts 
are effective at a relatively low temperature; secondary alcohols 
in this respect fall between primary and tertiary alcohols. A few 
examples are as follows: 

AEPO4 

CH 3 CH 2 CH 2 OH — > CH 3 CH - CHo + HA 

300° 

AIPO4 

CH3CHOHCH3 — ^ CHcCH = CH 2 + HA 

250° 

AIPO4 

(CH 3 ) 3 CQH — > (CH 3 ) 2 C = ch 2 + H 2 0 . 

140° 

An indirect method of dehydrating alcohols is to treat them 
with sulfuric acid; the ester thus formed on heating usually 
decomposes with the formation of an olefin and sulfuric acid. This 
older method is now largely superseded by the catalytic method. 
It is illustrated by the following example: 

above 150° 

CH 3 CH 2 0 S 0 3 H — > CH 2 = CH 2 + H2SO4. 

Preparation from Alkyl Halide. An alcoholic solution of potas- 
sium or sodium hydroxide acts on an ethyl halide as follows: 

KOH + CH 2 -CH 2 — > CH 2 - CH 2 + KX + H 2 0 

;h x : 
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It will be noted that in the production of ethylene by this method, 
hydrogen iodide has been eliminated from the molecule of ethyl 
iodide. In general it has been found that by the action of strong 
alkalies at elevated temperatures all alkyl halides which have 
a, hydrogen atom adjacent to the halogen atom lose a mole- 
cule of halogen acid. Another example of this reaction is the 
following: 

(CH 3 ) 3 CC1 + KOH — (CH 3 ) 2 C - CH 2 + KC1 + H 2 0. 


Just as the tertiary alcohols are catalytically dehydrated at a 
lower temperature than secondary or primary, so too the corre- 
sponding halides react more rapidly with alkalies with the forma- 
tion of unsaturated hydrocarbons. It should be noticed that the 
elimination of halogen acids from alkyl halides and also of water 
from alcohols to form olefins takes place between two adjacent 
carbon atoms, and therefore can occur only when these elements 
are present on adjacent carbon atoms. 

Preparation from Dihalides. The addition product of an olefin 
and bromine gives up its bromine atoms when treated with zinc. 
This is a convenient laboratory method of preparing ethylene and 
is a general method for all olefins: 


CH 2 BrCH 2 Br + Zn — CH 2 = CH 2 + ZnBr 2 . 

R 2 CBrCBrR 2 -j- Zn — > R 2 C = CR 2 + ZnBr 2 . 

One might be tempted to imagine that in the elimination of halogen acid 
from alkyl halides or the elimination of bromine from the dibromide a very 
simple mechanism is involved. Thus it might be thought that the function 
of the inorganic reagent was merely to combine with free halogen acid or free 
bromine slowly liberated from the organic halide. This is clearly not the case 
in general, however, for otherwise it would make no difference what alkali 
were used to combine with the acid or what metal to take up the halogen. 
Actually it makes a great deal of difference. For example, primary alkyl 
halides will not form olefins when heated with sodium carbonate (or a base of 
similar strength) although such a base would neutralize a halogen acid as well 
as sodium hydroxide. Metallic mercury combines rapidly with free bromine 
but it is not effective in removing bromine from most dibromides even at an 
elevated temperature. The actual mechanism of all these reactions is compli- 
cated and not fully understood; very probably there are several paths which 
lead to the same product. In an elementary course it is very usual to write 
such diagrams as the following: 


(CH 3 ) 2 C 


h;gh*!i 


>(CH s ) 2 C-CH 2 + HI. 
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The student should be on his guard lest he confuse such a pictorial represen- 
tation with the real mechanism of the reaction which is often much more 
complex. 

Physical Properties of Isomeric Olefins. The number of 
isomers in the olefin series is much greater than with the paraffins. 
This is illustrated by comparing the number of butylenes and 
amylenes with the corresponding paraffin derivatives. 


Boiling Points of the Simpler Ethylene Hydrocarbons 


MOLEC- 

ULAR 

Formula 

Name 

Structural Formula 

Boiling 

Point 

C2H4 

Ethylene 

ch 2 - ch 2 

-104° 

c 3 h 6 

Propylene 

CH 3 CH - CH 2 

- 47° 

C4H8 

Isomeric Butylenes 

Sym. dimethylethylene 

CH3CH = CHCHs 

+ i° 


Unsym. dimethylethylene 

(CH 3 ) 2 C - CH2 

- 6.6° 


Ethylethylene 

CH 3 CH 2 CH = CHs 

- 6.7° 

c 6 h 10 

Isomeric Amylenes 

Sym. methylethylethyl- 
ene 

CH3CH = CHCH 2 CH 3 

4* 36° 


Unsym. methylethyl- 
ethylene 

CH 3 CH 2 (CH 3 )C - ch 2 

32° 


n-Propylethylene 

ch 3 ch 2 ch 2 ch = ch 2 

39° 


Isopropylethylene 

(CH S ) 2 CHCH - CH 2 

20° 


Trimethylethylene 

(CH 3 ) 2 C - CHCHs 

38° 


A comparison of this table with the one on page 40 shows that 
the boiling points of the olefins are very close to those of the 
corresponding paraffins. Two hydrogen atoms make very little 
difference in this physical property. Like all other hydrocarbons 
the olefins are insoluble in water. 

Nomenclature. Above amylene (the name of this hydrocarbon 
should be particularly noted), each group of isomers is named 
from the paraffins, the ending -ane being changed to -ylene: thus, 
hexylene, heptylene. The isomeric members of a group are often 
named as alkyl derivatives of ethylene as in the table. Com- 
pounds of the type RCH = CHR' are called symmetrical; those 
of the type R 2 C = CH 2 unsymmetrical. This system is satis- 
factory for simple compounds but is unsuited for naming more 
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complex compounds- Eor this purpose, the Geneva system 
should be employed. By this system, the longest carbon chain is 
named as in the case of the saturated hydrocarbons, but the ending 
is changed from ane to ene. The position of the alkyl groups is 
denoted as in the case of the saturated hydrocarbons; the position 
of the double bond is shown by a number following the name. 
This number indicates the lowest numbered carbon atom involved in 
the double linkage. The numbering is always begun at the end of 
the chain nearest the double bond. The following examples 
illustrate the method: CH 3 CH 2 CH = CH 2 , butene-1; CH 3 CH 
= CHCH 3 , butene-2; CH 3 CH = CHCHCH 3 , 4-methylpentene-2; 

CH 3 

(CH 3 ) 2 C = CH 2 , 2-methylpropene-l; (CH 3 ) 2 C = CH-CHCH 2 CH 3 , 

CH 3 

2, 4-dimethylhexene-2. 

Ethylene. The first member of the olefin series is a colorless 
gas with a characteristic sweetish odor. It burns with a lumi- 
nous, smoky flame. With air or oxygen it forms a highly explo- 
sive mixture. It is usually present in illuminating gas to the 
extent of a few per cent. 

Ethylene is obtained today from the gases liberated during the 
cracking process in gasoline production (p. 53). It is also pro- 
duced from natural gas, which is a mixture of gaseous paraffins, by 
cracking under special conditions. The separation of ethylene 
from the other products is readily accomplished. 

Ethylene is used by growers of citrus fruits since it hastens ripen- 
ing. Exposure of a green-colored fruit to an atmosphere of 
ethylene develops the highest yellow or orange color. Ethylene also 
finds use as an anesthesia and in some respects it is superior to 
ether. 

Chemical Properties. In contrast with the paraffins the ole- 
fins are very reactive. They combine with a great variety of 
substances, forming derivatives of the paraffin hydrocarbons. 
We will consider four reactions. 

Addition of Halogens and Hypohalogen Acids. Chlorine and 
bromine combine with the members of the olefin series: 

CH 2 = CH 2 + Br 2 — > CH 2 BrCH 2 Br. 

With iodine the reaction is very slow except in the presence of 
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strong light. Under suitable conditions of illumination an equilib- 
rium is reached which may be approached from both sides: 

Light 

CH 2 = CH 2 + I 2 CHsICHal. 

At temperatures of 100°-150° (in the gas phase) the reaction 
between ethylene and iodine is rapid, but the equilibrium is very 
unfavorable to the formation of the di-iodide. The reaction 
between halogens and unsaturated hydrocarbons may be carried 
out in some inert solvents, such as carbon tetrachloride (CCI4) or 
carbon disulfide (CS 2 ) or in water. 

In the latter solvent, another reaction also takes place at the 
same time. An aqueous solution of bromine or chlorine always 
contains some hypobromous or hypochlorous acids: 

Br 2 + HoO HOBr + HBr. 

These hypohalogen acids also add to the double linkage. Thus, 
if ethylene is passed into bromine water, both reactions written 
below take place: 

CH 2 = CH 2 + Br a — > CH 2 BrCH 2 Br, 

CH 2 = CH 2 + HOBr — > CH 2 OHCH 2 Br. 

By controlling the concentration of the halogen and the acidity, 
it is possible to make the last reaction predominate. The prepa- 
ration of CH 2 CICH 2 OH, ethylene chlorohydrin, is now carried 
out commercially (p. 173). " 

Addition of Acids . Ethylene is absorbed by warm concen- 
trated sulfuric acid. The other members of the series react 
even at room temperature. The product is an alkyl sulfuric 
acid which we have already met a number of times (pp. 30, 60). 

ch 2 - ch 2 4 - h 2 so 4 — ^ ch 3 ch 2 oso 3 h. 

If propylene is employed, it has been found that the chief product 
is the isopropyl ester of sulfuric acid. In general , with an unsym - 
metrical olefin , the acid group goes to the carbon holding the least 
number of hydrogen atoms: 

CHaCH * CHo + H 2 S0 4 — > CHsCH (OSO s H)CH 3 . 

The halogen acids also add to olefin hydrocarbons, forming 
alkyl halides. The reaction proceeds most rapidly with the 
higher members of the series and with hydrogen iodide or bromide 
more rapidly than with hydrogen chloride. 

CHsCH = CH 2 + HI — CHsCHICHs. 
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The addition of unsymmetrical reagents, like the halogen acids, 
to unsymmetrical derivatives of ethylene raises a problem concern- 
ing the mode of addition. Thus, in the example given above, 
isopropyl iodide and not n-propyl iodide is formed; the halogen 
atom becomes attached to the central carbon atom, not to the 
terminal one. What general laws govern the mode of addition 
in such cases? In the case of the unsaturated hydrocarbons, it 
has been found that in general the rule given above is valid in 
regard to the major product of the reaction. This rule, which is 
often called Markownikoff’s rule, states that the halogen atom or 
y acid group becomes attached to the carbon holding the least number 
of hydrogen atoms. Careful experiment has shown that in many 
cases a small amount of the isomer, formed by the other mode of 
addition, is also produced, the ratio of the two isomers depending 
to some extent on the nature of the solvent. It should be carefully 
noted that this rule applies only to hydrocarbons; we shall see in a 
later chapter that in the case of certain unsaturated acids, esters, 
and ketones another principle is involved. 

When we consider the mode of addition of the hypohalogen 
acids to unsymmetrical derivatives of ethylene, we find that here 
it is the OH group and not the halogen atom which joins the carbon 
holding the fewest hydrogen atoms. Thus: 

CHsCH - CH 2 4- HOC! — ^ CH 3 CHOHCH 2 CI. 

Here again the rule predicts only the major product; some of the isomer 
is often formed. A common explanation of the fact that the halogen atom in 
the halogen acids and hypohalogen acids behave differently is to consider 
that in the one case the halogen is negatively charged as compared to the 
hydrogen (H + Br“); in the other it is positively charged with respect to 
the OH group (HO‘"Br + ). One can then say that the negative atom or 
group attaches itself to the most substituted carbon atom. Although hydro- 
bromic acid dissociates into ions which carry the appropriate charges re- 
quired by this explanation, there is no evidence that hypobromous acid 
dissociates to form a positive bromine ion ; it actually forms the ions H + and 
OBr~. Nevertheless, it may be that within the undissociated molecule 
there tends to be a distribution of electrons which corresponds to the symbol 
HO“Br+ 

It has been found that the mode of addition of halogen acids to simple 
olefin hydrocarbons containing a terminal carbon-carbon double bond may be 
reversed by the addition of organic peroxides (p. 419). During ordinary 
manipulations, or better still in the presence of antioxidants (p. 403), isobutyl- 
ene and hydrogen bromide give tertiary butyl bromide in accordance with 
Markownikoff’s rule. On the other hand, however, if organic peroxides are 
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present (p. 419), isobutylene bromide predominates in the product. The 
following reactions summarize these facts : 

HBr HBr 

absence of organic 

(CH 3 ) 3 CBr -<■ — (CH 3 ) 2 C = CH 2 — s- (CH 3 ) 2 CHCH 2 Br 

peroxides peroxides 

Tertiary butyl isobutylene isobutyl bromide 

bromide 

Hydrogenation . The double bond may be saturated with hydro- 
gen by a process known as catalytic hydrogenation. 

In this process the hydrocarbon, alone or in solution with an 
inert solvent, is shaken with hydrogen in the presence of highly 
active forms of platinum or palladium. These catalysts in some 
way cause the hydrogen to combine with the unsaturated hydro- 
carbons. Less expensive but also less effective is finely divided 
nickel whose use generally requires both high temperatures and 
pressures or a vapor phase reduction. However, a highly active 
nickel catalyst can be made which will bring about the hydrogena- 
tion of many ethylenic hydrocarbons in the cold. With ethylene 
the reaction may be written as follows: 

catalyst 

CH 2 = CH 2 + H 2 — > CH 3 CH 3 . 

The catalytic hydrogenation of olefin hydrocarbons provides 
another method of preparing pure members of the paraffin series. 

Oxidation . Olefins are oxidized by potassium permanganate 
(KMn0 4 ) to compounds containing two hydroxyl groups. The 
hydrocarbon is shaken with the permanganate solution. The 
equation 1 for the reaction with ethylene is : 

CH 2 = CH 2 + [0] + H 2 0 — > CH 2 OHCH 2 OH. 

KM11O4 ethylene glycol 

The product is ethylene glycol; it is further oxidized to carbon 
dioxide and w r ater if the solution is warm and concentrated. 
In the case of substituted ethylenes the final products of oxidation 
are usually one or two molecules of organic acids having the 
general formula RCOOH. Isomeric olefins on oxidation yield 
different acids, and this fact has enabled the chemist to determine 
the position of the double linkage. For example, CH3CH2CH 
= CH 2 on oxidation yields CH 3 CH 2 COOH, while CH 3 CH = 
CHCH 3 on oxidation yields two molecules of CH 3 COOH. 

1 The symbol [O] will be used throughout this book to indicate oxygen from 
an oxidizing agent; the oxidizing agent is written beneath. 
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Syntheses from Petroleum and Natural Gas 

The gases obtained as by-products in the cracking of petroleum 
and natural gas are rich in unsaturated hydrocarbons such as 
ethylene, propylene, and the isomeric butylenes. As a result of 
extensive investigations in the last few years, methods have been 
developed for converting some of these substances into products of 
great value. 

Alcohols from Olefins. We have just seen that the olefins 
react with sulfuric acid to form alkyl sulfuric acids. These on 
hydrolysis yield the alcohols. 

Today a large amount of ethyl alcohol is made commercially by 
this process from ethylene (p. 16). In addition to this, isopropyl 
alcohol is manufactured from propylene, and secondary butyl 
alcohol from the two normal butenes: 

H2O 

CH 2 - CH 2 + H2SO4 — CH3CH2OSO3H — > CH3CH2OH, 

CHsCH * CH 2 + H0SO4 — >- CH 3 CH( 0 S 0 3 H)CH 3 

1 h 2 o 

CH3CHOHCH3, 

CHsCH = tJHCHs + H2SO4 \ 

^CHsCHoCH ( 0 S 0 3 H)CH 3 

„ * ch 3 ch 2 ch = ch 2 + h 2 so 4 / | h 2 o 

CH3CH2CHOHCH3. 

Both these once rare alcohols have been made in tank-car 
quantities from the gaseous by-products of the cracking of 
petroleum (p. 53). 

Tertiary alcohols result from the branched olefins; isobutylene 
yields tertiary butyl alcohol: 

CH 3 ch 3 

N 'c = ch 2 + HoSO. — > c (OSo s h)Ch 3 — > (ch s ) s coh. 

ce / ca 

In all these reactions no attempt is made to isolate the inter- 
mediate alkyl sulfuric acid; the absorption of the gaseous hydro- 
carbon and the hydrolysis are carried out in one process. The 
essential parts of the apparatus employed are shown In Fig. 11. 
The alcohols are obtained by distilling the reaction mixture. 
The mixture of olefins can be separated by a process of liquefac- 
tion or by careful control of the conditions in the reaction with 
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. .. , gases ‘ control of all these variables it is possible 

f e num! f r of aIc °hols produced in one reaction and thus 
simplify the problem of purification. 
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industrial reality. hydration of olefins will become an 

Acetylenic Hydrocarbons 

This class of hydrocarbons has the general formula C H 
^ 0 “ 6r ° f thiS SerieS ’ aC6tylene ^ is * far tb "o ^t 

Structure of Acetylene. Acetylene reacts with bromine and 
chlonne forming a compound C 2 H 2 X 4 which, in the case of tihe 
bromide, has the structure CHBr 2 CHBr 2 . be 

The possible formulas for acetylene, C 2 ’h 2 , are: 

CH s CH. 


CH 2 = c/ 

(1) V) ( 3 ) 

The first two, of course, may be written also as CH 2 


CH-CH 

/\ /V 
(2) 


C and 
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CH — CH. The structure of the tetrabromide shows that we 
must write formula 2 or 3. The reasons for preferring 3 are 
similar to those given in favor of the double-bonded formula 
for ethylene (p. 59). Compounds of the type CH 3 CH 2 CH<^ are 
unknown; with the exception of carbon monoxide and a few 
other peculiar substances, no compounds containing divalent car- 
bon have been prepared. We therefore use a triple bond to signify 
the existence of two apparently divalent carbon atoms side by 
side. We believe that the valences are in some way joined with 
one another. Such compounds have the ability to add four mona- 
tomic atoms or groups, as the following reaction indicates: 

CH = CH H- 2Br 2 — > CHBr 2 CHBr 2 . 

Preparation of Acetylenic Hydrocarbons. Acetylene is easily 
prepared on a large scale from calcium carbide, CaC 2 , and water: 

CaC 2 + 2H a O — > CH s CH 4- Ca(OH) 2 . 

Since calcium carbide is readily made in the electric furnace from 
coke and lime, acetylene is one of the cheap organic chemicals 
available to the industrial chemist. 

Acetylene and its homologs may be prepared by eliminating two 
molecules of halogen acid from a dihalide by means of molten 
alkali or strong solutions of potassium hydroxide. The dihalide 
in turn can be made from the corresponding olefin and halogen. 

CHsCH = CH 2 + Br 2 — > CH 8 CHBrCH 2 Br 

heat 

CH 3 CHBrCH 2 Br + 2KCH — > CH 3 C = CH -f 2KBr + 2H 2 0. 

propylene dibromide methyl 

acetylene 

Acetylene. Acetylene is a colorless gas, insoluble in water, 
with a characteristic odor. It can be condensed to a liquid which 
boils at —84° and which is explosive if subjected to a sudden shock. 
For its transport it is necessary to dissolve the gas under pressure 
in acetone. In this form it is perfectly safe. It burns with a 
luminous flame when a specially constructed burner is used which 
allows free access of air. 

Acetylene has had a varied industrial history. It was first 
used at the end of the last century as a lighting gas in competition 
with coal gas. Acetylene lamps were at one time used as bicycle 
and automobile lights. 

The present industrial use of acetylene is as a cheap raw material 
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from which to prepare other compounds (Chap. VII). The prepa- 
ration of an artificial rubber from acetylene is discussed at the end 
of this chapter. 

Addition Reactions of Acetylene. The triple linkage in acety- 
lene will add four monovalent atoms or groups, much as the 
double linkage in ethylene adds two such atoms or groups. In a 
few reactions, only two atoms or groups can be added and a deriva- 
tive of ethylene is formed. Thus, if acetylene is passed into a 
water solution of chromous chloride, CrCU (a powerful reducing 
agent), ethylene is formed. Certain other reducing agents enable 
one to prepare ethylene derivatives from acetylenic hydrocarbons. 
However, since ethylene and its derivatives are also reactive, 
usually the addition reactions do not stop at the ethylene stage. 
The catalytic hydrogenation of acetylene produces ethane if 
sufficient hydrogen is employed: 

catalyst catalyst 

CH as CH -f* H 2 — ^ CH 2 = CH 2 + H 2 — CH 3 - CH 3 . 

With chlorine, tetraehlorethane CHCI 2 CHCI 2 is the final product: 
CH - CH + 2 GU — > CHCI2CHCI2. 

The reaction between acetylene and dilute sulfuric acid yields 
a valuable compound, acetaldehyde. This will be considered in 
Chap. VII. The halogen acids add to acetylene forming a halogen 
derivative of ethylene which can then combine further with another 
molecule; the final product has two halogen atoms on the same 
carbon atom. 

CH as CH + HC 1 — CH 2 - CHC 1 
CH 2 - CHC 1 + HC 1 — ^ CH 3 CHC 1 2 . 

The addition of acids to homologs of acetylene follow the same 
rules as in the case of unsymmetrical olefins (p. 65). 

Acetylides. Acetylene and the members of the acetylene series 
which contain the grouping — C = CH, enter into two peculiar 
and characteristic reactions. When shaken with ammoniacal 
cuprous or silver solutions, they form precipitates of metallic 
acetylides. These are usually highly explosive in the dry state. 
The acetylides are related to acetylene as salts are to acids. The 
metal has replaced a hydrogen atom. These reactions are illus- 
trated by the following equations: 

CH ss CH + C112CI2 + 2NH4OH — C11C s CCu + 2NH4CI + 2 H 2 0 

(as complex ion) ' ppt. 

copper acetylide . . ' 
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On treatment with dilute acids, the acetylides regenerate acetylene: 

AgC s CAg + 2HN0 3 — ^ CH = CH + 2AgN0 3 . 

Sodium acetylide CH s CNa is formed by the action of acetylene 
on a solution of sodium in liquid ammonia or by passing the gas 
through molten sodium at 180°. Disodium acetylide, C 2 Na 2 , 
can also be formed in this way. The sodium acetylides are color- 
less solids which are decomposed by water with the formation of 
acetylene. 

The sodium acetylides offer another method of preparing homo- 
logs of acetylene. They react with alkyl halides in the following 
manner using liquid ammonia as the solvent : 

CH 3 C ss CH + Na — CH S C = CNa 
CH S C a CNa + CH 3 I — > CH S C - CCH 3 . 

dimethyl 

acetylene 

Acetylene liberates methane from methyl magnesium iodide 
when it is passed into an ethereal solution of this reagent : 

CH = CH + 2CH 3 MgI — > IMgC ■ CMgl + 2CH*. 

Nomenclature. According to the Geneva system acetylenic 
hydrocarbons are named by changing the ending ane of the satu- 
rated hydrocarbon to ine or yne; the position of the unsaturation 
is indicated as in the case of the olefins by a numeral after the 
name. They are also named as alkyl derivatives of acetylene. 
ThusCH 3 C ss CH is propine (also written propyne) or methylacety- 
lene; it is a gas boiling at —23°. CH 3 C ss CCH 3 is dimethylacet- 
ylene or butine-2; it boils at 28°. CH 3 CH 2 C = CH is ethylacety- 
lene or butine-1 (b.p. 14°). 

Heats of Combustion and Formation. The heat evolved by the combustion 
of a gram mole of acetylene is somewhat less than in the case of ethane; the 
value is 312 kg, cal. instead of 370 kg. cal. However, there are only two hydro- 
gen atoms in acetylene to unite with oxygen, while ethane has six. There- 
fore one might expect that the heat of combustion of acetylene would be 
much less than that of the hydrocarbon richer in hydrogen. The fact that 
they are so nearly the same shows that the acetylene molecule is proportionally 
richer in energy than ethane. This fact is expressed quantitatively by cal- 
culating the heat change which would be produced if the hydrocarbon could be 
prepared directly from solid carbon (graphite) and gaseous hydrogen. This 
number is known as the heat of formation; for ethane it is 23 kg. cal., for 
acetylene —56 kg. cal. The value for ethylene is between that of the other 
two; it is —7.5 kg. cal. 
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The difference in the sign of the heat of formation of the saturated and 
unsaturated hydrocarbons means that in the one case heat would be evolved 
in their formation from the elements and in the other case heat would be 
absorbed. Acetylene is said to be a strongly endothermic compound; it has 
more energy than the elements of which it is composed. It is this extra 
energy which is released on its combustion which makes it have so surprisingly 
high a heat of combustion. It is also this excess of energy which is released 
when liquid acetylene explodes, which it does, if subjected to sudden shock. 

The heat of formation of a compound can not be measured directly as 
organic compounds can not be prepared from the elements or converted into 
them by any simple reaction. The heat of formation is calculated from the 
heat of combustion of the compound and the heat of combustion of solid 
carbon and gaseous hydrogen. This is illustrated by the following thermo- 
chemical equations which apply to the case of acetylene: 

O 2 H 2 2|Os — 2 CO 2 -h H 2 O 312 kg. cal. 

The products of combustion, 2G0 2 and H a O, are formed from the elements 
by the liberation of 18S + 68 = 256 kg. cal. 

2C + 20 2 — > 2C0 2 + 1SS kg. cal., 

H 2 + -IO 2 — > H 2 0 + 68 kg. cal. 

This quantity is 56 kg. cal. less than the amount liberated, when a gram mole 
of acetylene is burned. Therefore 56 kg. cal. of heat would be absorbed if 
we prepared one mole of gaseous acetylene from solid carbon and gaseous 
hydrogen. The heat of formation is therefore —56 kg. cal. 

- Diolefins 

A 

A class of hydrocarbons isomeric with the acetylenic series is 
the diolefin series, C 7l H 2n ~ 2 . The members of this series contain 
two double linkages ; the simplest member is allene, CH 2 — C = 
CH 2 , a gas boiling at —32°. 

The Butadienes. Among the most interesting and useful mem- 
bers of the diolefin series are the derivatives of butadiene-1, 3, 
CH 2 = CH — CH = CH 2 . All these compounds contain two 
double linkages connected by a single bond. Such a system of 
alternate single and double linkages is know as a conjugated system 
of double bonds. Compounds containing conjugated systems 
undergo a number of special reactions; one of these, the polymeri- 
zation reaction, will be discussed shortly in connection with rubber. 

The nomenclature of the diolefins is in accord with the Geneva 
system. The longest straight chain is named, the ending diene 
replacing the - ane of the saturated hydrocarbon. The position of 
the two double linkages is indicated by two numerals. Thus 
CH 2 == CH - CH = CH 2 is butadiene-1, 3; while on the other 
hand CH 2 = C = CHCH 3 would be butadiene-1, 2. 
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Butadiene-1, 3 is a gas which condenses at —4°. 2- M ethyl- 

butadiene- 1, 3 (isoprene) boils at 34° and 2, 3-Dimethylbuta diene- 
1, 3 boils at 70°. 

Structure of the Diolefins. Like the acetylenes, the diolefins 
combine with four monovalent atoms or groups forming deriva- 
tives of the paraffin hydrocarbons. Unlike the acetylene series, 
however, the groups which have been added are distributed on 
four different carbon atoms. For this reason we write a structure 
with two double bonds : 

CH 2 - CH - CH = CH 2 + 2Br 2 — CH 2 BrCHBrCHBrCH 2 Br. 


The diolefins take up two molecules of gaseous hydrogen when sub- 
jected to catalytic hydrogenation and are thus converted into the 
paraffin hydrocarbons. This reaction enables us to prove the way in 
which the carbon chain is arranged in any diolefin of unknown struc- 
ture. For example, isoprene on hydrogenation yields isopentane : 


CH 2 = C — CH = CH 2 catalyst CH 3 CHCH 2 CH 3 
i -f 2H 2 — f 

ch 3 ch 3 

isoprene isopentane 

Special Reactions of Conjugated Dienes. The reactions of 
conjugated dienes are of extreme interest since they demonstrate 
the effect of two pairs of double bonds on each other especially if 
they are conjugated. Thus, when some of the homologs of butadi- 
ene are allowed to react catalytically with hydrogen, and the reac- 
tion is stopped after one mole of hydrogen is absorbed, the product 
obtained indicates a special type of addition: 

* * catalyst 

(CH 3 )2C-CH-CH=C(CH 3 )2+H 2 — > (CH3) 2 CH~CH = CH~CH(CH 3 ) 2 . 

In this reaction one hydrogen atom has added to each carbon at 
the end of the conjugated system (marked by asterisks), and a 
double bond is formed between the center carbon atoms. This 
type of addition is known as 1, 4 addition to conjugated systems. 
In many addition reactions of such diolefins a mixture of products 
formed by 1, 4 addition to the conjugated system and 1, 2 addition 
to one of the double bonds is obtained. The reaction of butadi- 
ene-1, 3 is an example of this: 

CHoBrCH « CHCH 2 Br 

1,4 addition 

CH 2 = CHCH - CH 2 + Br 2 / 

CH 2 BrCHBrCH = CH 2 

1, 2 addition 
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In other instances only 1, 2 addition may take place. We shall 
have occasion to refer to this type of addition quite frequently 
(p. 293). It should be emphasized that 1, 4 addition may occur 
with compounds which have conjugated double bonds, but not 
with dienes which do not contain the system of alternate single and 
double linkages. 

Methods of Distinguishing the Types of Hydrocarbons. The 
only satisfactory proof that a given substance is a hydrocarbon 
is a quantitative analysis for carbon and hydrogen. If the per- 
centage of these two elements adds up to 100 per cent, one can be 



Fig. 12. Apparatus for the quantitative catalytic hydrogenation at 
room temperature. 


sure that a hydrocarbon is at hand. The paraffins and many 
cycloparaffins (p. 470) are so inert that they are differentiated from 
the unsaturated hydrocarbons by their failure to react with 
bromine water, concentrated sulfuric acid, or dilute potassium 
permanganate solution. The latter oxidizes olefins, diolefins and 
acetylenes, but is without action on paraffins or cycloparaffins. 
When potassium permanganate gives up its oxygen, the purple 
color of the solution is discharged and a brown precipitate of 
manganese dioxide is formed. Saturated hydrocarbons (paraffins 
and cycloparaffins) may be distinguished from unsafurated hydro- 
carbons by shaking them with the solution and noting whether or 
not the purple color disappears. Similarly, if the unknown 
hydrocarbon is shaken with bromine water in the absence of light, 
the red color will disappear if the material is an olefin or other 
unsaturated hydrocarbon. Acetylene hydrocarbons containing 
the group —_C ss CH can be recognized by the formation of a pre- 
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cipitate of the silver acetylide when treated with ammoniacal 
silver nitrate. 

The determination of the molecular formula of a unknown hydrocarbon 
(by analysis and molecular weight determination) enables us to decide whether 
it is in the series C w H 2 w+ 2 , C«H 2 /j, C«H 2w _ 2 , etc. It is very useful to determine 
the degree of unsaturation by a quantitative catalytic hydrogenation. This is 
usually accomplished not at a high temperature but at room temperature 
using colloidal platinum or palladium as a catalyst. An apparatus for this 
purpose is shown in Fig. 12. The cycloparaffins are thus clearly distinguished 
from the olefins, since the latter combine with one mole of hydrogen in the 
presence of a catalyst while the former do not react. (A further discussion of 
the hydrogenation of the cycloparaffins is given in Chap. XXVI; some deriva- 
tives of cyclopropane CsH G are catalytically hydrogenated very easily.) 

Rubber 

The tremendous increase in the number of automobiles in the 
last thirty years has not only revolutionized the petroleum indus- 
try, but has also produced another important industry, that of 
the transformation of rubber into rubber tires. Pure rubber or 
caoutchouc occurs in small globules in the sap of the rubber tree. 
This tree grows in the jungles of Brazil, and for a long time the 
Brazilian natives supplied the world with rubber. The primitive 
method of obtaining rubber consisted in heating the sap over a 
smoky wood fire, thus evaporating the water and coagulating the 
caoutchouc. 

Rubber, a Colloid. If one obtains as pure a sample as possible 
of crude rubber and examines it in the laboratory, one finds that 
its analysis corresponds to the formula CsHg. The material dis- 
solves in only a few organic solvents, forming a colloidal solution. 
It is not possible to determine the molecular weight because the 
substance can not be vaporized without decomposition, and the 
freezing point and boiling point methods are not applicable to 
colloidal solutions. The formula (C 5 Hs)» is often written for it. 
Like other colloidal substances, caoutchouc solutions are very 
viscous, and under certain conditions they set to a jelly like 
substance. 

Vulcanization. In the process of transforming this crude 
rubber into commercial articles, it is heated with four or five per 
cent of sulfur and certain organic compounds which accelerate 
the reaction between the sulfur and the rubber. This process is 
called vulcanizing. The finished product is “ rubber,” as we 


76 THE CHEMISTRY OF ORGANIC COMPOUNDS 


find it in rubber tubing, rubber gloves, and automobile tires. 
Various coloring materials are often added, and also a certain 
amount of inert material called fillers. The process is carried 
out at a temperature somewhat above the boiling point of water; 
at this temperature rubber is sufficiently plastic to be shaped into 
various forms. A certain number of rubber goods are also made 
by dissolving rubber in a solvent and allowing su ch solutions to evap- 
orate on a suitable surface. This leaves a thin skin of rubber, which 
may be increased to a desired thickness by repeating the process. 

Isoprene. A hint as to the structure of the rubber molecule 
can be obtained by destructively distilling rubber. Under these 
conditions a certain amount of the low-boiling diolefin, 2-methyl- 
butadiene-1, 3 (isoprene), is formed: 

dest. distillation 

(OHs)* — > kC 5 Hs. 

isoprene 

The structure of isoprene was discussed above (p. 73). 

Polymerization of Diolefins. About the beginning of this 
century it was shown that isoprene on being treated with cata- 
lysts, for example metallic sodium, reverts to a rubber-like solid 
which was at first thought to be identical with natural rubber. 
It now seems probable that this is not the case, but the product 
is a closely related substance. Other diolefins, for example 2, 
3-dimethylbutadiene-l, 3, CH 2 = C(CH 3 )C(CH 3 ) = CH 2 , maybe 
converted into rubber-like products. The empirical formula of 
the product is identical with that of the simple hydrocarbon. 
For example, the equation for the change of isoprene is: 
nCsRs — > (C 6 H .)« 

Such a process in which a number of identical molecules join 
together is called polymerization; the product is said to be a 
polymer of the simple substance. The destructive distillation of 
rubber is the reverse process and is an example of depolymerization. 
We are still uncertain as to how the isoprene molecules are united 
in the polymer, but it seems probable that they are united in a 
very long chain thus: 


CH a -C = CH-CH a - 
1 

ch 2 -c=ch 

1 

- ch 2 -ch 2 - c = ch - ch 2 

CH* 

ch 3 

1 CH* 

isoprene 

isoprene 

; isoprene 

unit 

unit 

: unit 
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This chain must be imagined as extended until the molecular 
weight is at least a hundred thousand; at each end of the chain 
are, perhaps, extra hydrogen atoms instead of the free valences 
shown. 

It is believed that in this polymerization, successive 1, 4 addi- 
tion of isoprene units occur to yield an elongated chain as formu- 
lated above. 

+ CH 2 - C - CH = CH 2 + CH 2 = C - CH - CH a + 

CH S CH S 

Polymerization of Olefins. Just as the diolefins polymerize, so too do the 
homologs of ethylene, although tKeYemienTr^ and t£e products are 

of low molecular weight. Generally, high temperatures and pressures and the 
presence of a phosphoric acid catalyst is necessary for the polymerization of 
single olefins, although certain inorganic catalysts such as aluminum chloride 
and boron fluoride can bring about this reaction at low temperatures. The 
significance of polymerization to the petroleum industry has been discussed 
(p. 54). 

Synthetic Rubber and Plantation Rubber. With the sudden demand for 
rubber caused by the introduction of the automobile, the price of this com- 
modity became very high. In the period 1902-1913, chemists hoped they 
might be able to produce rubber industrially by polymerizing one of the diolefin 
hydrocarbons. These polymers, indeed, were produced and from them, by 
vulcanization, rubber articles such as automobile tires were manufactured. 
Undoubtedly, if the price of rubber had remained as high as it was at the 
beginning of this period, synthetic rubber would have become an industrial 
reality. 

The race was won by another group. About 1890, a number of forward- 
looking men began the cultivation of rubber in plantations in Ceylon and the 
Straits Settlements, the initial trees having been smuggled from the Brazilian 
tropics. Figure 13 illustrates the growth of the plantation industry and the 
parallelism between the production of rubber and the increase in the number 
of automobiles. When the automobile industry began to grow (1908), wild 
rubber was the raw material for tires : today it forms less than two per cent of 
the supply. 

About 1913 it became evident that plantation rubber would dominate the 
market; the price fell, and the chemists abandoned their efforts to synthesize 
rubber industrially except for special purposes or to meet a special economic 
situation. 

Artificial Rubber. The production of artificial rubbers has 
been undertaken in some countries because of the desire for 
economic self-sufficiency. In Germany and in Russia a rubber 
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from butadiene is manufactured. In the latter country butadiene 
is said to be produced by a high temperature catalytic decomposi- 
tion of ethyl alcohol in the presence of suitable catalysts. It is 
said that these rubbers are inferior and more expensive than natural 
rubber. 

Some artificial rubbers possess some properties which are 
superior in certain respects to those of natural vulcanized rubber. 



Fig. 13. Chart showing the increase in the world’s rubber production and the 
increase in automobile registration. 

One of these rubbers, Duprene, is produced commercially 
in this country by the polymerization of 2-chlorobutadiene-l, 3, 
CH 2 = CC1 - CH = CH 2 , known by the trade name of Chloro- 
prene. It is evident that this compound is structurally like 
isoprene except that it has a chlorine atom in place of a 
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methyl group. Chloroprene (b.p. 60°) is prepared from the very 
cheap raw material acetylene: 

aqueous 
solution of 

2CH s CH — ^ CH s C — CH = CH 2 

copper salt vinylacetylene 

as catalyst 

CH e C - CH = CH 2 + HC1 — > CH 2 - CC1 - CH = CH 2 

gas 

Chloroprene polymerizes to a rubber-like material more readily than does 
isoprene; the polymerization can be accomplished at room temperature in a 
short time. The polymerization may be stopped at a stage in which the 
product has the properties of natural rubber. This material may be mixed 
with fillers and coloring materials in the same way as natural rubber. The 
product is then heated for a short time a little above 100° C. and polymeriza- 
tion occurs further having the properties of vulcanized rubber. This rubber is 
more resistant to the action of solvents and other chemicals than ordinary 
vulcanized rubber. 

Another artificial rubber now manufactured which has desirable 
properties is known as “ Thiokal rubber.” It is prepared by the 
reaction of ethylene dichloride (p. 58) and sodium polysulfide. 
Its empirical formula is (C 4 H 8 S 4 )n, and very little is known about 
its structure. 

QUESTIONS AND PROBLEMS 

1. Outline the important facts concerning the chemistry of rubber and 
rubber products including a discussion of the synthesis of rubber. 

2. Name two classes of hydrocarbons of the formula C w H 2 »-2 and give an 
example of each. 

3. Give the reasons for writing the structural formula of ethylene as 
CH 2 = CH 2 . 

4. With the aid of equations, show how you could prepare propylene from 
isopropyl alcohol by several different methods. 

5- A certain gas is known to be one of the following: (a) pure ethane; 
(b) pure acetylene; (c) pure ethylene; (d) pure nitrogen. How could you 
most readily decide the question? 

6. A sample of hexane is contaminated with an unsaturated hydrocarbon. 
How could you obtain the maximum amount of pure hexane if the impurity 
were hexylene? If it were butylene? 

7. Devise a rough quantitative method of rapidly determining: (a) the 
percentage of butylene in a mixture of butane and isobutane; (b) the amount 
of acetylene in a mixture of ethylene and methane. 

8. (a) How can one prepare isopropyl bromide from propyl alcohol? 
(b) What alcohol can be readily prepared from isobutylene? 
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9. A certain compound has the molecular formula C 4 H 6 . Write all the 
possible structural formulas and outline the reactions by which you could 
decide with which isomer you were dealing. 

10. Contrast the chemical properties of ethylene and acetylene pointing 
out the similarities and dissimilarities. 

11. Write balanced equations for the following reactions: (a) symmetrical 
dimethylethylene and hydrogen bromide; (b) propylene and concentrated 
sulfuric acid; (c) ethylacetylene and excess hydrogen bromide; (d) n-butyl 
iodide and potassium hydroxide; (e) unsymmetrical diethylethylene and 
hydrogen chloride. 

12. Outline a method of preparation of: (a) diethylacetylene, starting with 
coke and lime; (b) methyl acetylene from w-propyl alcohol; (c) butane from 
n-butyl alcohol; (d) acetylene from ethyl alcohol. 

13. Comparing propyl alcohol, isopropyl alcohol, and tertiary butyl alco- 
hol, give the order of reactivity of these in respect to dehydration and their 
behavior towards halogen acids. 

14. Explain what is meant by the statement “ Acetylene is an endothermic 
compound.” Explain how the heat of formation of a compound is determined. 


CHAPTER V 
ORGANIC ACIDS 


Formic acid, HCOOH, and acetic acid, CH 3 COOH, are the first 
two members of an homologous series known as the fatty acid 
series. The name arises from the fact that two of the higher 
members — palmitic and stearic acids — are prepared from animal 
fats. All the acids of the series, except the first, may be repre- 
sented by the general formula RCOOH; formic acid has a hydro- 
gen atom instead of an alkyl group. The carboxyl group 
0 
/ 

— C ™ OH is characteristic of organic acids. We will postpone a 
discussion of the evidence for its structure until we have learned 
more about the general nature of the acids of this series. 

The Formation of Salts. The hydrogen atom of the carboxyl 
group is acidic; dilute water solutions of organic acids color blue 
litmus red, evolve hydrogen when acted on by metals, and are 
neutralized by metallic hydroxides forming salts. In terms of 
the electrolytic theory of dissociation we write the ionic equi- 
librium as follows: 

RCOOH RCOO" + H + . 

Most organic acids are relatively weak, that is, the degree of the 
dissociation even in dilute solution is small. For example, in a 
tenth normal solution of acetic acid, only a few per cent of the 
molecules are dissociated. However, the organic acids are 
strong enough to displace the very weak carbonic acid from 
its salts. Thus, sodium salts may be made from sodium hydrox- 
ide, sodium carbonate, or sodium bicarbonate. 

RCOOH + NaOH — > RCOONa + H 2 0, 

2RCOOH + Na 2 C0 3 — ^ 2RCOONa + H 2 0 + C0 2 , 

RCOOH + NaHCOa — >- RCOONa + H 2 0 + C0 2 . 

Preparation of Acids from Salts. The salts of the fatty acids 
are non-volatile, crystalline solids and are usually soluble in 
water. The acids are prepared from them by treating with 

81 


82 


THE CHEMISTRY OF ORGANIC COMPOUNDS 



sulfuric acid. If the acid is sufficiently volatile, it may be 
distilled. In this case, the dry salt and concentrated sulfuric 
acid are employed. The higher acids which distill only at high 
temperatures are more readily obtained from their salts by adding 
the mineral acid to an aqueous solution and extracting with ether. 
The organic acid, but not the salt, is soluble in the ether layer. 
This is an excellent illustration of the use of an immiscible solvent 
in separating an organic substance (the acid) from an aqueous 
solution containing inorganic material (Na 2 S04, H0SO4). The 
ether is easily removed by evaporation. 

RCOONa + H0SO4 — >- RCOOH + NaHS0 4 . 

distill or extract 

Physical Properties. There is a gradual change in boiling 
point and solubility in water as we proceed from one member 
of the homologous series to the next higher straight chain com- 



3 Jf. 5 G 7 8 u 10 

NUMBER OF CARBON ATOMS IN THE MOLECULE 

Fig. 14. The boiling points of the straight chain fatty acids, 

HCOOH to C9H10COOH. 

pound. This is illustrated in Fig. 14 in which the curve shows 
the increase in boiling point with each increment of GH 2 . The 
acids above butyric are only slightly soluble in water, and the 
solubility decreases as the hydrocarbon portions of the molecule 
become more predominant with the increase in the number of 
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carbon atoms. The acids are all very soluble in alcohol, ether, 
benzene, and chloroform and even the lower members may be 
extracted from their water solutions by the last three solvents. 
Some of the physical properties of the series are given below: 


Name 

Formula 

Boiling 

Point 

Melting 

Point 

Density 
at 20° 

Solubility 
Grams per 
100 Grams 
of W ater 
at 20° 

Formic acid 

HCOOH 

101 ° 

8 ° 

1.220 

miscible 

Acetic acid 

CH 3 COOH 

118° 

17° 

1.049 

in all 

Propionic acid 

CH 3 CH 2 COOH 

141° 

- 22 ° 

0.992 

propor- 

w-Butyric acid 

ch 3 ch 2 ch 2 cooh 

164° 

- 8 ° 

0.959 

tions 

Isobutyric acid 

(CIi 3 ) 2 CHCOOH 

154° 

—47° 

0.949 

20 

nr Valeric 

ch 3 ch 2 ch 2 ch 2 cooh 

187° 

— 18° 

0.942 

4 

n-Caproic 

ch 3 ch 2 ch 2 ch 2 ch 2 cooh 

202 ° 

- 1.5° 

0.929 

less than 1 

n-Heptoic 

CH 3 (CH 2 ) 6 COOH 

223° 

- 10 ° 

0.918 

less than 1 

Caprylic 

CH 3 (CH 2 ) 6 COOH 

237° 

16° 

0.914 

less than 1 

w-Nonylic 

CH 3 (CH 2 ) 7 COOH 

253° 

12.5° 



Capric 

CH 3 (CH 2 ) 8 COOH 

268 p 

31° 



Undecylic 

CH 3 (CH 2 )oCOOH 


28.5° 



Laurie 

CH 3 (CH 2 ) 10 COOH 


43° 


Practi- 

Tridecylic 

CHa(CH 2 )uCOOH 


42.5° 


cally 

Myristic 

CH 3 (CH 2 )i 2 COOH 


53.8° 


insolu- 

Pentadecylic 

CH 3 (CH 2 ) 13 COOH 


53° 


ble 

Palmitic 

CH 3 (CH 2 ) 14 COOH 


64° 



Margaric 

CH 3 (CH 2 ) 15 COOH 


61° 



Stearic 

CH 3 (CH 2 ) 16 COOH 


69° 




It will be noted that the melting points of the straight chain 
acids show no regular increase but vary up and down; the melting 
point of the acids containing an even number of carbon atoms is 
higher than the preceding one in the series. The straight chain 
acid with a total of nine carbon atoms melts at 12.5°, and all those 
above this are solid at room temperature. The odor of the acids 
above propionic is very disagreeable unless they are so non-volatile 
as to be practically odorless. Rancid butter owes its disagreeable 
smell to butyric acid. 

Dissociation Constants. Those who are familiar with the quantitative 
aspects of the theory of electrolytic dissociation will recall that the strength of 
acids may be expressed in terms of a dissociation constant Ka which is defined 
asfollows: 

V. » , , . <> f cone, of acid ion \ 

Ra — cone, of hydrogen ion X ( -7 7 73 ) 

\conc. of undissoc. acid/ 
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It is evident that when the quotient inside the parenthesis has a value of one, 
the value of Ka is equal to the concentration of the hydrogen ion. This con- ' 
dition is easily realized in the case of weak acids by preparing a solution which 

contains one mole of the acid and one 
* mole of a soluble salt of the acid. 
Since the free acid is only very slightly 
dissociated, the concentration of the 
undissociated acid is practically the 
same as the total concentration. The 
salt, on the other hand, is completely 
ionized and the concentration of the 
acid ion is therefore equal to the 
total concentration of the salt. There- 
fore, one may visualize the dissocia- 
tion constant of a weak acid by 
thinking of it as being equal to the 
acidity (the hydrogen ion concentra- 
tion) of a mixture of the acid and its 
soluble salt in equal molar amounts. 
The dissociation constants of some of 
the fatty acids are as follows: 

Formic, Ka = 2.14 X 10~ 4 
Acetic, Ka = 1.86 X 10~ 5 
n-Butyric, Ka — 1.6 X 10~ 5 


Name of Acid 

K a 

Hydrochloric Acid 1 

Too Strong to 

Sulfuric Acid j 

Measure 

Dichloroacetic — — 

■f— 5 X 10’ * 

Acid 


Chloroacetic Acid— 

l.S X 10 ■* 


o i v in-i 


__ 1 a v mS 

Carbonic Acid - 

x.o A it/ 

— . 1 X 10~ 7 

( First Hydrogen ) 


Pft /JW 

f v v in -10 

Jl tmiLUL/ ■ 

Carbonic Acid 

JLm $ ±u 

: — 5 X 10 mtt 

(Second Hydrogen ) 

. 


Pig. IS. The relative strengths of will be recalled that the hydro- 
some common acids. The strongest gen ion concentration of pure water — 
acids are at the top; each unit of the \ x 10~ 7 . The dissociation con- 
scale corresponds to a ten-fold change in t t f th first and second hydro- 
the acid dissociation constant. _ . , , 

gens of carbonic, acid are about 

1 X 10 - ” 7 and 5 X 10“ n , respectively. The diagram in Fig. 15 shows graph- 
ically the relative acidities of some common acids; several acids are included 
which will be considered later (phenol p. 352, chloroacetic acid p. 100). 

Nomenclature, A great many of the fatty acids having a 
straight chain are found in nature, and were isolated before 
chemical nomenclature had been put on a rational basis; for 
this reason they have acquired trivial names. In a systematic 
fashion, acids may be named as derivatives of acetic acid or by 
the Geneva system. The former method is illustrated by the 
following example, trimethylacetic acid, (CH 3 )3CCOOH. This is 
a convenient method for relatively simple acids. 

In the Geneva system, the acid is named according to the 
longest chain of carbon atoms which it contains, counting the 
carbon of the carboxyl group . The suffix -oic is then added to 
the name of the paraffin hydrocarbon corresponding to this chain; 
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branches are named and numbered as in the case of the hydro- 
carbons. The numbering is always started on the carboxyl group. 
The following examples will make this method clear: pentanoic 
acid, CH3CH2CH2CH2COOH ; CH3CHCH2COOH, 3-methyl- 


CH 3 


butanoic acid. 


Formic Acid 

The first member of the homologous series occurs in nature, 
particularly in nettles and ants (formica). The irritating effect of 
ant stings is due in part to formic acid. The early chemists 
prepared formic acid by distilling red ants. The acid is a colorless 
liquid boiling at 101°; it can not be freed from water by simple 
distillation. The anhydrous acid is prepared by distillation from 
anhydrous copper sulfate under diminished pressure. 

Preparation. Formic acid is prepared from sodium formate, 
which in turn is prepared from the simple substances carbon 
monoxide (from water gas) and sodium hydroxide. 

pressure (6-10 atmospheres) 

CO + NaOH ^ HCOONa. 

200 ° 

To prepare the acid, the salt is heated with the calculated quan- 
tity of sulfuric acid. 

Unique Reactions of Formic Acid. If sodium formate is heated 
with an excess of sulfuric acid, the formic acid decomposes 
according to the following equation: 

. heat 

: H : CO : OH • >-H 2 0 + C0. 

h 2 so 4 

This reaction is one of those peculiar to formic acid. It is evi- 
dent that such a reaction is connected with the fact that in formic 
acid a hydrogen atom and not an alkyl group is directly attached 
to the carboxyl group. 

Formic acid also differs from the other acids of this series in 
being relatively easily oxidized. For example, it is readily oxidized 
by potassium permanganate, 

HCOOH + [O] — > HoO + C0 2 . 

KMn0 4 

Formic acid will reduce mercuric salts, 

2HgCI 2 -I- HCOOH — HgoCh + C0 2 + 2HC1. 
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Uses of Formic Acid. Formic acid is used for the preparation 
of certain special compounds in the organic laboratory and in 
industry. It is also used in connection with the application of 
dyestuffs and the treatment of textiles, and in cases where an 
acid reducing agent is desired. 

Acetic Acid 

The most important of ail the simple acids is acetic acid. One 
meets with it commonly in two forms — concentrated acetic acid 
(often called glacial acetic acid) and a dilute solution of the acid 
known as vinegar. It is interesting that two entirely different 
processes are used for preparing acetic acid according to whether 
a very dilute solution (vinegar) is wanted or at least a 50 per cent 
solution of the acid. 

Preparation of Vinegar. Vinegar is still prepared by the 
ancient process in which fruit juices are allowed to undergo first 
the alcoholic fermentation, and then an acetic acid fermentation. 
A dilute solution of alcohol is produced by the alcoholic fermen- 
tation of wine or cider. In the presence of a certain microorgan- 
ism bacterium aceti (often called “ mother of vinegar”)? oxygen 
from the air oxidizes the alcohol to acetic acid. This change 
is undoubtedly brought about by an enzyme present in the 
organism. 

enzyme 

CH 3 CH 2 OH + 0 2 — > CH 3 CQOH + H 2 0. 

(air) 

As originally carried out the process is slow; the actioii only takes place 
as fast as the oxygen is dissolved at the surface of the liquid standing in the 
vinegar barrel. In the so-called quick vinegar process a dilute solution of 
alcohol, usually made from starch (p. 314), is used. It is trickled over a mass 
of beech wood shavings contained in a tall vat; these have previously been 
soaked in vinegar and are covered with “ mother of vinegar.” This process 
proceeds much more rapidly since an enormous surface is exposed to the air 
which circulates through the vat. allowing a solution to trickle a few 
times through the apparatus, the oxidation is complete. The product con- 
tains four to six per cent of acetic acid. 

Preparation of Acetic Acid. For chemical purposes a concen- 
trated acetic acid is required. This is not prepared by concen- 
trating a crude vinegar, because the evaporation of so much water 
is an expensive operation. At one time the more concentrated 
solutions of acetic acid were obtained solely from the by-products 


ORGANIC ACIDS 


87 


of the destructive distillation of wood (p. 15). It will be recalled 
that in this process acetic acid is present in the distillate in a 
concentration of about 8 per cent. The acetic acid is separated 
from the aqueous mixture by a process of continuous extraction 
using ethyl or isopropyl ether as the solvent. 

The most important commercial method of preparing pure 
acetic acid starts with acetylene. This synthesis will be discussed 
later (p. 145). 

Methyl alcohol and carbon monoxide under high pressure and temperature 
in the presence of a suitable catalyst will combine to form acetic acid. This 
reaction is now used to some extent in the manufacture of acetic acid. 

high temperature 
and pressure 

CH s OH + CO s- CHaCOOH. 

catalyst 

Physical Properties. Pure anhydrous acetic acid is a solid 
which melts at 16.6°; it is hygroscopic. The liquid boils at 
118°. It is miscible in all proportions with water, alcohol, 
ether, and most organic solvents. It is an excellent solvent for 
many organic solids and some inorganic salts. The specific 
gravity of the pure liquid is 1.055 but an 80 per cent solution of 
it in water has the higher value of 1.075; more dilute solutions 
have lower densities approaching 1.00 as the solution becomes very 
dilute. 

Uses of Acetic Acid. Since acetic acid is a relatively cheap 
substance which has been produced for many years, it has found 
a great variety of uses. It is the starting point in the manu- 
facture of a whole host of other organic compounds, some of 
which are of great technical importance. This is particularly 
true of the acetic esters of the simple alcohols. Dilute acetic 
acid is not injurious to textiles and is relatively non-corrosive to 
the skin; it is therefore often used in the industries for purposes 
for which mineral acids (hydrochloric or sulfuric) would be 
too powerful and corrosive. Glacial acetic acid is a good solvent 
and is used in the laboratory and to some extent in industry for 
this purpose. The industrial importance of acetic acid is illus- 
trated by the fact that the equivalent of 200 million pounds of 
glacial acetic acid was produced during 1937. 

Sodium acetate, CH 3 COONa . 3H 2 0, and potassium acetate, CHsCOOK 
are colorless, crystalline solids. Anhydrous sodium acetate is prepared by 
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dehydrating the hydrate at a moderate temperature. These compounds are 
frequently used in organic reactions, usually to convert a mineral acid into the 
weaker acetic acid : 

dOH 3 COONa + HC1 CH 3 COOH + NaCl. 

Lead acetate, (CHsCOO) 2 Pb, called “ sugar of lead ” because of its sweet 
taste, is very poisonous. Its aqueous solution is used in biochemistry for 
precipitating compounds which form insoluble lead salts. It is used as a 
mordant in the dyeing of cotton cloth as are also the acetates of aluminum, 
(CH 3 COO) 3 Al, and iron, (CH 3 COO) 3 Fe. The latter is a brown red solid 
which gives a wine red solution. A mixture of copper acetate and copper 
arsenite is a bright green powder known as Paris green; it is used as an 
insecticide. 

Calcium propionate (CH 3 CH 2 COO ) 2 Ca has recently come into use as an 
inhibitor for the growth of molds and ropes in bread and other foods. 

General Methods of Preparing Acids 

As we have seen, the two important lower members of the 
fatty acid series are prepared industrially by special methods, or 
from special sources. When we wish to prepare any of the other 
fatty acids in the laboratory, we use an alcohol as our starting 
point. 

Oxidation of a Primary Alcohol. If we have a primary alcohol 
with the same number of carbon atoms, the problem is easy. 
The oxidation of a primary alcohol yields an acid with the same 
number of carbon atoms: 

RCH 2 OH + 2[0] — ^ RCOOH + H 2 0. 

An illustration of this is the oxidation of ethyl alcohol by air in 
the presence of “ mother of vinegar.” In the laboratory a 
mixture of potassium dichromate and sulfuric acid is often 
employed as the oxidizing agent. Under certain conditions an 
intermediate product, — an aldehyde (Chap. VI), — may be 
isolated, but if the process is so arranged that this compound 
remains in contact with the oxidizing agent it is further oxidized, 
to the acid. The simple organic acids themselves are not readily 
oxidized, so that there is little danger of carrying the process 
too far: 

Ch)ch 2 OH + 2[0 ] — > CH 3 COOH + H 2 0. 

/ K 2 Cr 2 07 

It will be noted that RCH 2 OH is a general formula for any 
primary alcohol and RCOOH, for the corresponding acid. In the 
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case of formic acid, which has the formula HCOOH, the corre- 
sponding alcohol is CH 3 OH. 

Acids from Lower Alcohols. If we have the problem of pre- 
paring an acid with one more carbon atom than the alcohol at 
hand, a simple oxidation will not avail. There are two ways of 
accomplishing this synthesis, however. Both start with the 
alkyl halide RX and yield the same acid RCOOH. They are 
illustrated below by the synthesis of propionic acid from ethyl 
bromide. 

(1 )Grignard Synthesis of Acids . In this process dry carbon 
dioxide is passed into the ethereal solution of the Grignard 
reagent. After a few hours the mixture is treated with dilute 
hydrochloric or sulfuric acid; the magnesium salts of the 
inorganic acids stay in the water. (These salts are written 
as MgBrCl below; this is equivalent to a mixture of MgBr 2 
and MgCl 2 ). 

dry 

CH 3 CH 2 Br + Mg — > CH 3 CH 2 MgBr, 

ether 

CH 3 CH 2 MgBr + C0 2 — CH 3 CH 2 COOMgBr, 

CH 3 CH 2 COOMgBr + HC1 — > CH 3 CH 2 COOH + MgBrCl. 

The organic acid is extracted with ether and is obtained 
by evaporating this solvent. This process is a good labora- 
tory method of preparing many acids and has been widely 
employed since the discovery of the Grignard reaction. 

(2 ) Nitrile Synthesis of Acids . The older process of preparing 
acids involves the preparation of a nitrile, — RCN. This 
substance has the carbon atom of the cyanide group directly 
bound to the alkyl group. It is an organic cyanide and may 
be regarded as an ester of hydrocyanic acid. The nitriles 
are formed by boiling an alcoholic solution of the alkyl 
halide with sodium cyanide (p. 26). 

C 2 H 5 Br + NaCN — >• C 2 H 5 CN + NaBr. 

The nitriles are hydrolyzed on boiling with dilute 
alkalies: 

boil 

CH 3 CH 2 CN + NaOH + H 2 0 — ^ CH 3 CH 2 COONa + NH 3 . 

The product is the sodium salt; from the water solution 
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of the salt the free arid may be prepared by acidification 
with a mineral acid and extraction with ether: 
CH 3 CH 2 COONa + HC 1 — ^ CH3CH2COOH + NaCL 

The hydrolysis of nitriles to acids may also be accom- 
plished with strong mineral acids: 

CH3CH2CN + H 2 S 0 4 + 2H2O — ^ CH3CH2COOH + NH4HSO4. 


Some General Reactions of Acids 

The acidic reaction of the carboxyl group is perhaps the most 
characteristic property of organic acids. Certain other reactions, 
however, are important. They are illustrated by the following 
general equations, w r here RCOOH stands for acetic acid or a 
higher homolog: 


(1) Formation of paraffin hydrocarbon RH: 


R 


COONa + NaO 


fused 

H — >RH + Na 3 C0 8 , 

300 ° 


e.g., CHsCOONa + NaOH — > CH, + Na 2 CO,. 

(2) Formation of hydrocarbon R-R by electrolysis of sodium salt: 
2RCOO” minus two electrons (at anode) — > R-R -}- 2C0 2 , 

e.g., 2 CH 3 COO' — > CH 3 CH s + 2C0 2 + 2 electrons. 

(3) Replacement of OH by halogen; formation of acid chlorides: 

3RCOOH + PC1 3 — > 3RCOC1 + P(OH),. 

(4) Replacement of OH by OR group; formation of esters: 

RCO : OH + H ! OR — > RCOOR + H s O. 


The first two reactions require no particular comment; they 
have been frequently used for the preparation of hydrocarbons. 
The second reaction gives very low yields in the case of the higher 
fatty acids and its use is thereby limited. The last two reactions 
are the most important. We shall consider the acid chlorides 
first and then turn to the esters. 


Acid Chlorides 

When an acid is treated with phosphorus trichloride (PCI3), the 
OH group of the carboxyl group is replaced by chlorine as illus- 
trated by equation 3 above. This reaction is exactly like a 
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reaction of alcohols (p. 6); some hydrogen chloride is evolved 
due to a secondary reaction between the acid chloride and phos- 
phorous acid. Phosphorus pentachloride and thionyl chloride 
(SOCI 2 ) are also used in replacing the OH group of acids. The 
action of the latter is illustrated below; 

O 0 

CH3C - on + SOCl 2 — CHsC ^ Cl + HCl + so 2 . 

An acid chloride is also called an acyl chloride. It has the general 
formula RCOC1, and is named by slightly changing the name of 
the acid; thus, acet-yl chloride and propion-yl chloride. Formyl 
chloride, HCOC1, is unknown; attempts to prepare it yield only 
hydrogen chloride and carbon monoxide. Acid bromides and 
acid iodides are known but are of no importance. The boiling 
points of the lower acyl chlorides are given below: 


. 

Name 

Formula 

Boiling Point 

Acetyl chloride 

CH 3 COCI 

52° 

Propionyl chloride 

CH 3 CH 2 C0C1 

80° 

Butyryl chloride 

CH3CH2CH 2 COC 1 

102° 


These substances are all very irritating to the mucous mem- 
brane, and fume in moist air. 

Reactions of Acid Chlorides. Acyl chlorides are much more 
reactive than alkyl halides. Acetyl chloride reacts violently 
with water, alcohol, and ammonia at room temperature: 

Hydrolysis CH 3 COCI 4* H 2 0 
Alcoholysis CH3COCI + C 2 H 6 OH 
Ammonolysis CH 3 COCI + 2 NH 3 

The product of the second reaction is an ester; the substance 
formed in the last reaction is an amide. These reactions show 
that the acid chlorides are useful in preparing other compounds. 

The characteristic reactions of acyl chlorides are all replacement reactions 
in which the halogen atom is replaced by a group of atoms. With the acid 
chlorides of the simpler acids these reactions occur very rapidly at room 
temperature, in fact often with almost explosive violence. This behavior 
of the acyl chlorides is in marked contrast to that of the alkyl halides such as 
ethyl chloride. The alkyl chlorides can be boiled with water and alcohol 


^ CHsCOOH + HCl, 
CH3COOC2H5 + HCl, 
■> CH3CONH2 + NH4CI. 
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without any appreciable reaction; in order to replace the halogen with hy- 
droxyl in these compounds, silver hydroxide or an alkali is necessary. The 
speed of the reaction between an acid chloride and an alcohol depends on the 
structure of both. Acetyl chloride is more rapid in its reactions than the 
higher homologs, and primary alcohols interact faster with a given acid chloride 
than do secondary or tertiary. In this reaction it will be noted that the 
hydrogen atom of the alcohol is being replaced just as in the case of the forma- 
tion of alcoholates with metallic sodium, and just as in this case, the primary 
alcohols are the most reactive, secondary next, and tertiary least. When it 
is a matter of replacing the hydroxyl group of the alcohols, however, as in the 
formation of alkyl halides, the situation is just reversed, and the tertiary 
alcohols are the most rapid in their action (p. 24). 

Acid Anhydrides 


When anhydrous sodium acetate and acetyl chloride are heated 
together, a reaction takes place and acetic anhydride, (CH 3 C 0)20 
is formed: 


O 


CH S C 


O 4- CH 3 C » 

i L 

Oj-Na Cl 


CH 3 Q 


/ 

V 


p 


ch 3 c 


/ 

“1 

\ 


o 


+ NaCl 


This compound is a representative of the acid anhydrides 
0 0 
s y 

RC— O— C— R or (RC0) 2 0. They are formally related to acids 
as the ethers are to alcohols. There is little resemblance in 
properties, however, between the two classes. The anhydride of 
formic acid is unknown; all attempts to prepare it yield carbon 
monoxide. As the name indicates, the anhydrides react with 
water, regenerating acids; they also react with alcohols forming 
esters. 

(RC0) 2 0 + H 2 0 — > 2RCOOH, 

(CIRCO)oO + C,H s OH — > CH 3 COOC.H 5 + CH 3 COOH. 

Acetic Anhydride. Acetic anhydride is prepared in the labora- 
tory from sodium acetate and acetyl chloride, and industrially by 
the action of sulfur chloride (S 2 C1 2 ) on acetic acid or sodi um 
acetate. It is a liquid boiling at 140°; it has a very irritating 
odor. Its importance depends on the fact that it reacts with many 
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substances forming acetyl derivatives, that is, compounds con- 
taining the acetyl group CH 3 CO — . Large quantities of acetic 
anhydride are manufactured for the production of cellulose ace- 
tate, one of the artificial silks now widely used (p. 321). During 
1935 over 116 million pounds of acetic anhydride was produced. 

Acetylating Agents. Acetyl chloride and acetic anhydride 
are spoken of as acetylating agents because they will react with 
many substances having an active hydrogen and form acetyl de- 
rivatives. This is illustrated in the case of water, alcohol, and 


ammonia by the following diagrams: 



0 

0 

0 


II 

II 

II : 


ch 3 c- 

0 

1 

0 

1 

0 

CH 3 C-:C 1 

Hydrolysis 

HO 

H 

HO :H 

Alcoholysis 

C 2 HsO 

H 

C 2 H 6 0 : : H 

Ammonolysis 

nh 2 

H 

nh 2 j H 


Acyl Groups and Alkyl Groups 


The acyl group RCO — may be regarded as the hypothetical 
group formed from an acid by removal of the OH group. The 
acyl groups should not be confused with the acid ion RCOCT. 

0 

✓ 

For example, the acetyl group CH 3 C — is quite different from the 
acetate ion CH 3 COO”. The names of the common acyl groups 
are: 


V 

idC 


HC-~, formyl; 


O O 

V X 

CH 3 C — , acetyl ; CH 3 CH 2 C — , propionyl ; 


O 

CH3CH2CH2C — , butyryl. 

The acid chlorides and anhydrides are named with reference to 
the acyl group which they contain. The formyl group is met with 
only in esters since the acid chloride and anhydride are unknown. 

The following table may serve as a general review of some of 
the types of compounds thus far studied. The contrast between 
the acyl and corresponding alkyl compounds should be carefully 
studied; they bear a formal resemblance to each other, but their 
chemical and physical properties are very different. 
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Compounds having an 

ALKYL GROUP 

Compounds having an 

ACYL GROUP 

Class name 

General 

formula 

Class name 

General 

formula 

Alcohol 

ROH 

Acid 

0 

/ 

RC-OH 

Alkyl chloride 

RC1 

Acyl chloride 

0 

/ 

RC-C1 

Ether 

ROR 

i 

Acid anhydride 

O 0 

RC-O-C-R 


Esters of Organic Acids 

The esters of organic acids except formic have the general 

0 

/ 

formula RC — OR' (RCOOR') where R and R' may be the same 
or different alkyl groups; the esters of formic acid have the gen- 
eral formula HCOOR. There is, therefore, an homologous series 
for each acid, the alkyl groups becoming increasingly larger. 
Thus, we have methyl formate, HCOOCH 3 ; ethyl formate, 
HCOOC2H5; propyl formate, HCOOC3H7 (two isomers) etc. 
Similar series may be written with acetic acid, propionic acid, 
and all the other fatty acids. 

In the following table are listed some of the commoner esters 
which can be prepared from the alcohols and acids already con- 
sidered. They are all liquids which float on water. 

The esters have a very pleasant, fruity odor, each different from 
that of the others. It is particularly interesting that although 
butyric and valeric acids have very disagreeable odors, their esters 
are sweet-smelling substances. The characteristic fragrance of 
many fruits and flowers is due to the presence of various esters. 
Thus, amyl acetate, CH 3 COOC 5 Hn, has a pear-like odor and the 
odor of methyl butyrate, C3H 7 COOCH 3 , is reminiscent of pineapple. 
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Some Common Esters 


Name .. 

Formula 

Boiling Point 

Methyl formate 

HCOOCfiU 

32° 

Ethyl formate 

HCOOCH 2 CH 3 

54° 

Methyl acetate 

CH 3 COOCH 3 

57° 

Ethyl acetate 

CH 3 COOCH 2 CH 3 

7 T 

w-Butyl acetate 

CH s COOCH 2 CH 2 CH 2 CH 3 

127° 

n-Amyl acetate 

CH 3 COOCH 2 CH 2 CH2CH 2 CH 3 

148° 

Isoamyl acetate 

CH 3 COOCH 2 CH 2 CH (CH 3 ) 2 

143° 

Methyl propionate 

1 CH 3 CH 2 COOCH 3 

80° 

Ethyl propionate 

ch 3 ch 2 gooch 2 ch 3 

99° 


A number of the simple esters are manufactured for use in pre- 
paring artificial perfumes and flavors. The most important use 
of esters is as solvents, especially in the manufacture of quick- 
drying automobile lacquers (p. 319). 

The fats and oils which occur in animals and plants are esters 
of an alcohol with three hydroxyl groups and acids of high molecu- 
lar weight. They are of great importance, not only as food, but 
as the raw material used in manufacturing soap, candle stock, and 
glycerine (Chap. IX). 

Preparation of Esters. Esters may be prepared by four differ- 
ent methods: (1) direct esterification; (2) the action of an acid 
chloride on an alcohol (p. 91); (3) the action of an acid an- 
hydride on an alcohol (p. 92); (4) the action of an alkyl halide 
on the silver salt of an acid: 

CHaCOOAg + CaHgBr — > CH 3 COOC 2 H 5 + AgBr. 

The first method is by far the most important. The alcohol to 
be esterified is heated with the organic acid and a little mineral 
acid (hydrochloric or sulfuric), or else with equivalent quanti- 
ties of sulfuric acid and the sodium salt of the organic acid. In 
the latter case, the sulfuric acid fulfils two functions: that of 
liberating the organic acid from the salt and that of catalyzing 
the esterification: 

RCOONa + R'OH + H 2 S0 4 — > RCOOR' + NaHS0 4 + H 2 0. 

The ester is usually separated by distillation from the reaction 
mixture and any unchanged acid or alcohol removed by washing 
with sodium carbonate and then with calcium chloride solution. 
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Esterification and Hydrolysis. The interaction of an alcohol 
and acid does not go to completion as do most organic reactions. 
If we start with one mole of acetic acid (60 g.) and one mole of 
ethyl alcohol (46 g.), we find that, try as we will, we can not get 
a reaction mixture containing more than about 66 per cent of one 
mole of ethyl acetate. On the other hand, if we were to start 
with ethyl acetate and heat it with one mole of water for a long 
time, we would find that the hydrolysis (p. 29) apparently 
stopped when the mixture contained about 66 per cent of un- 
changed ester. Thus, whether we start with alcohol and acid 
or with water and ester, the final composition of the reaction mixture 
is the same . This state of affairs is typical of a reversible re- 
action; the final reaction mixture of constant composition (in this 
case about 66 per cent ester) is said to be an equilibrium mixture. 

Reversible Reactions. A reversible reaction is usually written 
with a double arrow, thus: 

CH3COOH + C0H5OH CH3COOC2H5 4 - H 2 0 . 

A study of reversible reactions has shown that at equilibrium the 
two reactions (left to right and right to left of the equation) are 
proceeding at the same rate; for this reason the composition of 
the final reaction mixture is constant. 

Rate of Reactions. The reversible organic reactions differ 
from those usually met with in inorganic chemistry (ionic re- 
actions) in that it takes time for most organic reactions to reach 
equilibrium. Thus, if we mix pure ethyl alcohol and acetic acid, 
it will be a matter of days before the maximum amount of ethyl 
acetate is formed. The rate of a reaction may be accelerated by 
three methods: (1) increasing the temperature; (2) increasing 
the concentration of the reactants; (3) using a catalyst. This 
applies to both the reactions which run to completion (irreversible 
reactions), and to reversible reactions. Thus, if we wish to hasten 
the preparation of ethyl acetate, we add a few r drops of sulfuric 
acid as a catalyst, and boil the mixture. Acids and bases act as 
catalysts for a great many different organic reactions, as we have 
already seen. In connection with these facts, the esterification 
of formic acid deserves mention. Since it is relatively a strong 
acid, catalysts need not be added as it itself can fulfill this func- 
tion. 

While the rate of attaining equilibrium is greatly affected by 
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the presence of catalysts, the composition of the equilibrium mix- 
ture is not changed by their presence. Hence we may accelerate 
the process of esterification by using a catalyst, but we can not 
make the reaction go to completion. Increasing the temperature 
always increases the rate of a reaction, but it may influence the 
composition of the equilibrium mixture in either direction. In 
the case of esterification, it happens that the effect of temperature 
on the position of the equilibrium is very slight. About 66 per 
cent of ester is obtained at 60° or at 200° (in a sealed tube). 

The Composition of the Equilibrium. The composition of an 
equilibrium mixture is approximately expressed by w T hat is often 
called the mass law . This is given by the following equation 
in which the symbols [ester], [H 2 0], etc,, refer to concentrations 
expressed as moles per liter, or better as mole fractions: 

[ SS i fxtS] = K (the equaibrium constant) - 


For example, in the case of ethyl acetate, experiments show that 
the equilibrium mixture contains about 0.6 mole of ester, if we 
start with one mole of acid and one of alcohol (a total of 2 moles). 

0 6 

Therefore, the mole fraction of ester is = 0.3 and of water 


the same (for each molecule of ester formed, one of water is also 

0.4 

formed). The concentrations of alcohol and acid are — = 0.2 

a 

each. These numbers substituted in the equation give us 
0.3 X 0.3 


0.2 X 0.2 


- 2.25 = K. 


Experiment shows that whatever relative amounts of acetic acid 
and ethyl alcohol are employed, the composition of the equi- 
librium mixture is such that K has approximately this value. 

Practical Applications of the Mass Law. It is an easy matter 
to calculate the composition of an equilibrium mixture if we know 
the value of K and the relative amounts of alcohol and acid at 
the start. Without going through the calculations, it is evident 
from an inspection of the mass law equation that if we use a large 
excess of alcohol, the yield of ester per mole of acid will be in- 
creased. For this reason, if we wish to prepare the ethyl ester of 
an expensive acid we use a considerable excess of the alcohol. 
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It is also evident that if we remove a certain amount of one 
of the products (water or ester), a further amount will be formed 
so that the composition of the mixture will conform to the mass 
law expression. This can be realized: very often in practice and 
is sometimes referred to as “ upsetting the equilibrium.” For 
example, if the alcohol, ester, and acid boil much higher than 
water, it is often possible to distill off the latter from the reaction 
mixture. This is also accomplished by making use of an azeotropic 
mixture (p. 17). Some solvent such as benzene is added to the 
acid and alcohol. On distillation at a relatively low temperature, 
a mixture of water and benzene is separated from the reaction 
mixture. In this way the yield of the process may be much 
greater than otherwise would be possible. It should be noted 
that these methods are only effective if they are carried out under 
such conditions (temperature and catalyst) that the rate of the 
reactions is rapid and more product will be rapidly formed if 
some is removed. 


Mechanism of Esterification and Hydrolysis. It is obvious that two 
schematic representations of the esterification reaction may be written depend- 
ing upon whether the acid or the alcohol loses an hydroxyl group. The water 
formed during esterification must arise from one of the following paths: 


ECO 


OH + H: OC2H5 or RCOO : *H + HO: C 2 H 6 . 


The question as to which mechanism is correct has been definitely settled by 
esterifying an organic acid with methyl alcohol containing an abnormal 
amount of the heavy oxygen isotope (atomic weight IS). The water obtained 
from this experiment had the normal density showing that the oxygen atoms 
in the water were a mixture of the isotopes in the usual normal manner.- This 
in turn proved that the oxygen in the water did not originate from the alcohol 
but rather from the acid; thus: 


ECO jOH + Hj OC 2 H 5 — RCOOC 2 H 6 -f H 2 0 . 

This is an illustration of how it is sometimes possible to establish the mechanism 
of a reaction by “ tagging ” one of the atoms, as it were, by employing an 
isotope. 

Saponification of Esters. If we heat an ester with water, the 
hydrolysis is slow unless an acid or base is present to accelerate 
the process. In the former case, the reaction soon reaches an 
equilibrium, and only about a third of the ester is hydrolyzed. 
If an equivalent amount of base is employed, however, the acid 
formed is neutralized and hence removed from the equilibrium. 
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The process thus goes to completion. It is a special instance of 
hydrolysis and is called saponification: 

CH 3 COOC 2 H 5 + NaOH — > CH 3 COONa + C 2 H 5 OH. 

Rates of Esterification and Hydrolysis. It has been found that the rate 
of formation of esters (under given conditions) depends on the structure of the 
acid and alcohol. Primary alcohols react most rapidly, tertiary least rapidly, 
with secondary in between. It will be noted this is the reverse of the order 
met with in alkyl halide formation; this is explained by the fact that in the 
one case the hydroxyl of the alcohol is necessarily involved and in the other 
the hydroxyl of the acid is eliminated (as demonstrated above). It is 
often difficult to esterify tertiary alcohols by the direct method. Acids 
of the general formula R 3 C — COOH are also difficult to esterify directly. 
In general, branching the chain next to the carboxyl group causes the 
acid to esterify more slowly. Branching the chain of the alcohol has the 
same effect. 

Reactions of Esters with Alcohols and Ammonia. Like the 
acid chlorides and acid anhydrides, the esters can undergo alco- 
holysis and ammonolysis as well as hydrolysis. This is illustrated 
in the case of methyl acetate by the following diagram: 

O: 

II : 

CH 3 C-OCH s 


Hydrolysis 

HO j H 

Alcoholysis 

C 2 H 5 0 i H 

Ammonolysis 

H 2 N : H 


The reaction with ammonia is a method of preparing amides (p. 
149). The alcoholysis reaction is also known as ester interchange. 
It takes place extremely slowly in the absence of a catalyst but 
very rapidly if a trace of sodium alcoholate is added to the mix- 
ture. The reaction does not go to practical completion unless 
there is a very large excess of one of the alcohols, or unless some 
provision is made for removing one of the products. 

RCOOR' + R"OHr±— RCOOR" + R'OH. 

Reduction of Esters to Alcohols. Esters are reduced to primary 
alcohols in good yields by the action of sodium and alcohol or by 
sodium and moist ether. The following equation for the prepara- 
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tion of n-hexyl alcohol from the ethyl ester of n-caproic acid 
illustrates the method : 

CH3(CH 2 )4COOC 2 H 5 + 4[H] — CH 3 (CH 2 )4CH 2 OH + C 2 H 6 OH. 

(Na + C 2 H 5 OH) 

Esters may also be reduced catalytically with excellent results. 
The ester is shaken with hydrogen at elevated temperature and 
high pressures in the presence of a mixed catalyst of copper and 
chromium oxide (copper chromite). 

catalyst; 

2000-3000 lbs. 

RCH 2 COOC 2 H 5 '4 2H 2 — > RCH 2 CH 2 OH + C 2 H s OH. 

250° C. 

This process is convenient; industrially it is preferable to the 
sodium reduction because of the lower cost and the hazards which 
attend the handling of sodium. Because of this method a number 
of higher alcohols, which were once rare, are now manufactured 
on a large scale (p. 18). 

Other Reactions of Acids and Their Derivatives. It will be 
noticed that in all the reactions previously discussed in this chap- 
ter, only the carboxyl group is involved, — the alkyl residue has 
not been modified. We shall now consider a reaction in which the 
hydrocarbon portion of the molecule is altered. 

Balog enation . The organic acids react with chlorine at 
elevated temperatures. The reaction is catalyzed by sun- 
light or by a trace of iodine. Unlike the hydrocarbons (p. 
49) the reaction can be controlled and a pure product can 
be obtained. A hydrogen atom on the carbon next to the 
carboxyl group (called the alpha carbon atom) is replaced. 
With acetic acid, chloroacetic acid is formed: 

CHsCOOH 4 Ci 2 — ^ CH 2 ClCOOH 4 HC1. 

chloro- 
acetic acid 

If there is no hydrogen in alpha position as in (CHs^CCOOH, 
this reaction obviously can not occur. 

The same reaction occurs with esters, anhydrides, and acyl 
chloi’ide and bromides. For some reason chlorination and bro- 
mination of these substances take place more rapidly than with 
the corresponding acids. A convenient method of accomplish- 
ing the bromination of fatty acids which makes use of this fact is 
known as the Hell-Volhard-Zelinsky method. It consists of pre- 
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paring the acid bromide and carrying out the bromination in one 
step. Liquid bromine is dropped onto a mixture of the acid and 
red phosphorus. The phosphorus tribromide which is first formed 
reacts with the acid substituting a bromine atom for the hydroxyl 
group and producing an acid bromide, which is in turn bromi- 
nated. Finally the reaction mixture is treated with water or 
alcohol, the acid bromide then reacts in the same way as an acid 
chloride (p. 91). The reactive bromine atom is substituted by 
hydroxyl or ethoxyl and the brominated acid or ester is obtained 
which is separated and purified by distillation. Even if an excess 
of bromine is used, the reaction stops after the introduction of 
one bromine atom in the alpha position. Further bromination 
requires a high temperature and special conditions. The reactions 
may be summarized using butyric acid: 

3Rr 2 4- 2P — 2PBr 3 , 

3CH 3 CH 2 CH 2 COOH -f PBr 3 — >- 3CH 3 CH 2 CH 2 COBr + P(OH) s> 
CH 3 CH 2 CH 2 COBr + Br 2 — > CH 3 CH 2 CHBrCOBr + HBr, 

a-bromo acid 
bromide 

CH 3 CH 2 CHBrCOBr + H 2 0 — > CH 3 CH 2 CHBrCOOH + HBr 

a-bromobutyric 

aeid 

Since iodine does not react with acids or their derivatives in 
this manner, the introduction of an iodo atom is accomplished in- 
directly. Alpha iodo acids result readily from the following 
metathetical reaction: 

RCHBrCOOH + KI — ^ RCHICOOH 4- KBr. 


Derivatives of Ortho Acids. Compounds of the type RC(OH) 3 are un- 
known; all attempts to prepare them lead to the formation of acids. For 
example, the hydrolysis of a compound containing three halogen atoms on the 
same carbon atom yields an acid instead of the expected RC(OH) 3 . 

OH 


CHCI3 4- 3NaOH 

chloroform 


HC^-0 ; H 
:OH 


HCOOH 4“ SNaCl 4- H 2 0. 

formic acid 


There is some evidence which indicates that such compounds exist in aqueous 
solutions of acids or in mixtures of an acid and an equimolecular amount of 
water, but we can not be certain of this. It is convenient to have a name for 
the unknown class, nevertheless, and they are called ortho, acids. The cor- 
responding alkyl compounds, RC(OR) 3 , are known and are called ortho 
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esters. Thus HC(OC 2 H 5 )3 is called ethyl orthofonuic ester (b.p. 145°). 
It is prepared by the action of CHCI 3 on sodium ethylate: 

CHCh + 3NaOC 2 H 5 — ^ CH(OC 2 H 5 ) 3 + 3NaCL 

Ortho esters are rapidly hydrolyzed in the presence of acids with the formation 
of the corresponding acid and alcohol; thus ethyl orthoformic ester yields 
formic acid and ethyl alcohol. Ortho esters are surprisingly resistant to the 
action of alkalies. 

Structure of Acetic Acid 

At this point some of the reasons for writing the formula of 
acetic acid as CH3COOH may be considered. If we can establish 
its structure, we can write with assurance a similar formula for 
all other members of the series. 

The analysis and molecular weight of acetic add show that it must 
have the molecular formula CzHaOi. The reaction with phos- 
phorus trichloride, which yields phosphorous acid and acetyl 
chloride, proves the presence of an hydroxyl group in the molecule 
(p. 6). We can indicate this development in our knowledge by 
the provisional formula (C 2 H 3 0) (OH). The presence of the 
methyl group attached to a carbon atom in acetic acid is indicated 
by the following facts : 

(1) Acetic acid is formed by the hydrolysis of CH 3 CN (ace- 
tonitrile) and by the oxidation of CH 3 CH 2 OH both of 
which contain the grouping CH 3 — C. 

(2) On heating sodium acetate (C 2 H 3 0 2 Na) with sodium 
hydroxide, methane is formed; this is still further evi- 
dence of the existence of the CH 3 group in the molecule. 

Taking all these facts into consideration, we can conclude 
that the acetic acid molecule must contain the grouping 
CH 3 — C — OH . This leaves one oxygen atom unaccounted for; 
this can only be connected in one of the following two ways: 

0 0 

/ / 

CH3C — OH or CHsC — OIi. We prefer the second of these al- 
ternatives for reasons similar to those given in the case of ethyl- 
ene (p. 59). Only a few special compounds showing unusual 
properties contain a trivalent carbon atom; compounds contain- 
ing a monovalent oxygen atom are rare and peculiar in their 
reactions. It seems probable, therefore, that in acetic acid 
neither carbon nor oxygen exhibits unusual valence. We indi- 
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cate the adjacent unsaturation of the two atoms (C and 0) by a 
double linkage. 

0 

/ 

The formula CH 3 C — OH may thus be regarded as the conse- 
quence of the experimental facts mentioned above. Similar facts 
and similar reasoning show that in general the fatty acids contain 

0 

A 

an alkyl group attached to the group — C — OH. 

The Experimental Basis of Structural Formulas. It may be 
well to point out that in general the formulas of the simpler or- 
ganic compounds are based on many different experimental facts, 
all of which are consistent with the structure ascribed. In dis- 
cussing the structure of a substance in an elementary course, it is 
impossible to cite all the evidence. Therefore, only the most vital 
facts are given and the reasoning is based on them. As the science 
of organic chemistry grow r s, more complicated substances are con- 
stantly being investigated. At first, any structural formula rests 
on only a relatively few experimental facts, and is necessarily 
tentative; if need be, it is changed when more is known about the 
substance. Finally, the accumulation of evidence is so great that 
the formula is generally accepted. Strictly speaking, no struc- 
tural formula can be said to be proved (with the exception perhaps, 
of such simple substances as methane and methyl alcohol). The 
structure of most of the compounds dealt with in this book 
may be said to have been demonstrated “ beyond a reasonable 
doubt.” If, however, tomorrow some investigator should dis- 
cover an experimental fact clearly inconsistent with an accepted 
formula, this would reopen the subject for discussion and experi- 
mentation. 

QUESTIONS AND ANSWERS 

1. Describe briefly the essentials of the industrial methods of preparing: 
(a) acetic acid; (b) vinegar; (c) formic acid. 

2. Define and illustrate the terms: acyl group, carboxyl group, dissocia- 
tion constant, acid anhydride, acid chloride. 

3. Write the structural formulas of: propionyl chloride, butyric anhy- 
dride, isobutyryl chloride, potassium propionate, isopropyl butyrate, n-octyl 
isovalerate, 3-ethyl-4-methylpentanoic acid, dimethylethyl-acetic acid. 

4. Write equations showing: (a) The laboratory method of preparing 
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acetic anhydride from acetic acid; (b) the preparation of formic acid from 
coke; (c) two reactions of formic acid not given by acetic acid. 

O 

/ 

5 . What experimental facts show that CH 3 OC—H is not the formula for 
acetic acid? What evidence can you cite to rule out the following possibilities 
CH 2 = C(OH) s> CH 2 OHCOH? 

6. Write structural formulas for all the isomeric acids of the formula 
C 4 H 9 COOH. 

7. Caproic acid, C5H11COOH, is only slightly soluble in water and is of 
approximately the same strength as acetic acid. What would you expect to 
happen if you treated a concentrated water solution of its sodium salt with: 

(a) carbon dioxide; (b) hydrochloric acid; (c) ammonia? In which of the 
following would you expect the pure acid to dissolve: (a) dilute sulfuric acid; 

(b) ether; (c) dilute sodium acetate solution; (d) dilute sodium carbonate; 
(e) ammonium hydroxide? 

8. Write equations showing how you would prepare: (a) butyric acid 
from ft- butyl alcohol; (b) propionic acid from ethyl alcohol; (c) isobutyric 
acid from propylene; (d) n - valeric acid from n-butyric acid. 

9. How would you decide whether a certain liquid was an acid, an acid 
chloride, or an acid anhydride? 

10. Compare propyl chloride and propionyl chloride, in regard to methods 
of preparation, physical properties and chemical reactions. 

11. Write a balanced equation shoving two ways of preparing esters of an 
organic acid without involving the acid itself. 

12. How could you most easily tell -whether a certain liquid was an ether 
or an ester? 

13 . W 7 hat is meant by the term “reversible reaction”? What effects have 
catalysts and increased temperature on a reversible reaction? Illustrate by a 
brief discussion of the process of esterification. 

14 . Write structural formulas for all the esters which have the formula 
C 4 H 8 0 2 . There are tests which enable one to distinguish methyl from ethyl 
alcohol. How would these be of service in determining which of the isomers 
was at hand? 

15 . Butyl butyrate boils at 165°. Devise a method for preparing it from 
butyric acid and butyl alcohol which will give as high a yield as possible. 

16. Why is thionyl chloride an excellent reagent in many cases for preparing 
acyl chlorides? 


CHAPTER VI 

ALDEHYDES AND KETONES 


Oxidation of Primary Alcohols. When a primary alcohol is 
cautiously oxidized, it is possible to isolate a substance inter- 
mediate between the alcohol and the corresponding acid. Such 
a compound is known as an aldehyde. For example, if ethyl 
alcohol is slowly added to a mixture of sodium dichromate and 
sulfuric acid, and the volatile products allowed to distill, we 
find in the distillate considerable quantities of acetaldehyde, 
CH 3 CHO: 


+ [0] >- CH 3 C = O -f- ha 

-K 2 CrA 

&SO4 


CH 3 CHO - 


H 


H 


On the other hand, if we arrange the apparatus with a reflux 
condenser so that the volatile aldehyde is returned to the oxidizing 
agent, the product is acetic acid, because the aldehyde is further 
oxidized to the acid. 

Oxidation of Secondary Alcohols. When a secondary alcohol 
is oxidized, a ketone is formed: 


CH 3 

X c 

/ c “ 


o- 


CHa 


H 


+ EA- 


CH, 

\ 

. . I 

ch 3 


C-O+HA 


Here there is little danger that the oxidation will proceed too far; 
ketones are oxidized only with difficulty and never to a product 
with the same number of carbon atoms. 

It will be noted that both these processes of oxidation consist 
in the removal of two hydrogen atoms which have been indicated 
by heavy print in the formulas. The process is really one of 
dehydrogenation; this term is often applied to it. We may sup- 
pose that the function of the oxidizing agent is to supply oxygen 
to combine with the two hydrogen atoms and form water. 

In the presence of metallic copper at 300°, primary and second- 
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h„o 


Condenser 


ary alcohols spontaneously lose hydrogen and form aldehydes or 
ketones and gaseous hydrogen. 

copper 

RCHoOH — ECHO + H 2 , 

300 ° 

copper 

RoCHOH — R 2 CO + H 2 . 

300 ° 

This provides a convenient method of preparing ketones and 

aldehydes from the corre- 
sponding alcohols. A lab- 
oratory apparatus for such 
a catalytic dehydrogenation 
is shown in Fig. 16. 

Copper chromite (p. 100) 
is also used as a catalyst 
to dehydrogenate primary 
and secondary alcohols. In 
many cases the yields are 
better when this catalyst is 
employed. 

Behavior of Tertiary 
Alcohols with Oxidizing 
Agents. An examination of 
the structure of a tertiary 
alcohol would lead one to 
predict that an oxidation 
process similar to that of 
primary and secondary al- 
cohols would be impossible 
in this case. There is no 
hydrogen atom attached to 
the C — OH group. Ter- 
tiary alcohols are, indeed, 


Primary or 
Secondary ^ 
Alcohol " 



Return from 
Fractionating Column 


___ Primary or Secondary 
Alcohol at Boiling Point 


Electric Hot Plate 


Fig 16. Apparatus for the Preparation of oxid i zec l w i t h difficulty, and 
aldehydes or ketones by the catalytic dehydro- . n 

genation of primary or secondary alcohols at are broken into Smaller 

200°-300°. molecules by the reaction. 

We may thus say that only primary and secondary alcohols can be 
oxidized to compounds containing the same number of carbon atoms 
as the original alcohol . Since aldehydes, but not ketones, can 
be further oxidized, it is evident also that only primary alcohols 
may be oxidized to an acid with the same number of carbon atoms . 
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Distinction between Primary, Secondary and Tertiary Alcohols, 

This difference in the behavior of primary, secondary, and tertiary 
alcohols on oxidation enables us to distinguish between them. 
The student should convince himself that this is a necessary con- 
sequence of the structural theory by writing the formulas of the 
isomeric alcohols and the equations for the reactions. 

Aldehydes and Ketones 

The Carbonyl Group. Aldehydes and ketones both contain 
the group ^>C = 0 ; this is known as the carbonyl group. Since 
they both contain this reactive group, they have many chemical 
properties in common. The differences between aldehydes and 
ketones are due to the fact that in the case of the aldehydes, 
H 

\ 

R — C = 0, we have one alkyl group and one hydrogen atom 

R\ 

attached to the carbonyl group, and in ketones, = 0, 

two alkyl groups. H 

It is customary to write the formula of an aldehyde, RC = 0, 
as RCHO. Formulas corresponding to RCOH are never used 
as this might signify that the hydrogen was attached to oxygen. 

Physical Properties of Aldehydes. The physical properties 
of the lower members of the homologous series of aldehydes are 
given below. The first five all have a peculiar sharp odor. 


Physical Properties of the Simpler Aldehydes 


' Name 

Formula 

Boiling Point 

Solubility Grams 
per 100 Grams 
of Water 

Formaldehyde 

ECHO 

- 21° 

miscible 

Acetaldehyde 

CHsCHO 

4- 20° 

miscible 

Propionaldehyde 

ch 3 ch 2 cho 

+ 49° 

20 

n-Butyraldehyde 

ch 3 ch 2 ch 2 cho 

4- 76° 

3.6 

Isobutyraldehyde 

(CH 3 ) 2 CHCHO 

4* 61° 

11 

n-V aleraldehy de 

CH 3 (CH 2 ) 3 CHO 

4-102° 


n~Capronaldehyde 

CH 3 (CH 2 )<CHO 

4128° 


n-Heptaldehyde 

CHs(CH 2 ) 5 CHO 

4155° 



The higher aldehydes have a pleasant odor. Some of them occur 
in fruits and plants; for example, nonyl aldehyde CgHirCHO is 
found in geranium oil. 
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Nomenclature of Aldehydes and Ketones. The aldehydes are 
named from the acids to which they may be oxidized, as is illus- 
trated by the names in the table above. They are also named by 
the Geneva system, the suffix -al being employed. Thus, CH 3 ~ 
(CH 2 ) 3 CHO is pentanal and (CH 3 ) 2 CHCH 2 CHO, 3-methylbutanal. 

The ketones may be classified as simple ketones, RCOR, in 
which the alkyl groups are the same, and mixed ketones in which 
they are different, RCOR'. One method of naming ketones is 
illustrated in the following table. By the Geneva system, the 
longest chain of carbon atoms is named and the suffix -one followed 
by a number which indicates the position of the carbonyl group. 
Thus, CH3COCH2CH3 is butanone-2; (CH 3 )2CHCOCH 2 CH 3 , 
2-methyl-pentanone-3 . 


Ketones 


Name 

Formula 

Boiling 

Point 

Solubility 
Grams per 
100 Grams 
op Water 

Acetone 

ch 3 coch 3 

56° 

miscible 

Methyl ethyl ketone 

ch 3 coch 2 ch 3 

80° 

25 

Diethyl ketone 

CH 3 CH 2 COCH 2 CH 3 

102° 

about 20 

Methyl n-propyl ketone 

CH 3 COCH 2 CH 2 CH 3 

102° 

4 

Methyl isopropyl ketone 

CH s COCH(CH 3 ) 2 

93° 

— 

Ethyl n-propyl ketone 

CH 3 CH 2 C0CH 2 CH2CH 3 

124° 


Ethyl isopropyl ketone 

CH 3 CH 2 COCH(CHs) 2 

115° 

very 

Methyl n-butyl ketone 

ch 3 coch 2 ch 2 ch 2 ch 3 

127° 

slightly 

Methyl isobutyl ketone 

CH 3 C0CH 2 CH(CH3)2 

119° 

soluble 

Methyl tert-butyl ketone 

CH 3 COC(CH 3 ) 3 

106° 



Preparation of Ketones. Aldehydes and ketones are often 
prepared from the corresponding alcohols by oxidation or dehydro- 
genation, as explained in the first paragraphs of this chapter 
(p. 106 and Fig. 16). 


(a) From Acids . We may also prepare them from the corre- 
sponding acids. If we heat the calcium salt of an acid to a 
high temperature, it decomposes, and the distillate con- 
tains the ketone: 



RCO : 0 O 

I \ heat II 

: Ca — >- R - C - R + CaC0 3 . 

R: COO 7 
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A similar but much better process has been devised for 
accomplishing the same purpose. The vapor of the acid in 
question is passed through a hot tube containing the oxide 
of manganese, MnO, as a catalyst (Fig. 17). On the 
surface of the catalyst a reaction takes place, yielding the 



Fig. 17. Apparatus for the preparation of ketones from adds by means of a 
catalyst of 200°-300°. 


ketone. The yields are far superior to those obtained by 
the method involving the use of the calcium salts of the 
acids, 

MnO 

2RCOOH (vapor) — > R 2 CO + H 2 0 + C0 2 . 

300 ° 

Mixed ketones, for example, methyl ethyl ketone, may be 
prepared by passing a mixture of the two acids in question 
over the catalyst mentioned above. In addition to the 
mixed ketone, a mixture of the other two possible ketones 
is always formed. For this reason it is preferable to pre- 
pare such mixed ketones by oxidizing the corresponding 
secondary alcohol, if it can be readily procured. 

(b) From Nitriles . The action of a Grignard reagent on a 
nitrile yields a magnesium compound which is easily hydro- 
lyzed on treatment with acid forming a ketone and am- 
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monia. The general equations are given below, the sym- 
bol R' being used to indicate that the resulting ketone may 
be either symmetrical or unsymmetrical: 



R R OH 

\ acid \ / 

C - NMgX + 2H 2 0 — > C = O + NHs 4- Mg 

E / \ 

(c) From Dihalides . The hydrolysis of a compound having two 
halogen atoms on the same carbon atom might be expected 
to produce a substance having the group C (OH) 2 . Actually 
either an aldehyde or ketone is formed. Except in a few 
cases (see chloral, p. 125) compounds containing two 
hydroxyl groups on the same carbon atom are unstable, and 
lose water forming a carbonyl group: 

alkaline 

CH 3 CC1»CH 3 + H 2 0 — > CH 3 COCH 3 + 2HC1. 

catalyst 

100 ° 

Preparation of Aldehydes. Similar procedures may be used 
for the production of aldehydes. The destructive distillation of 
a mixture of the calcium salt of an acid and calcium formate 
yields some aldehyde together with the corresponding ketone: 

(RCOO) 2 Ca + (HCOO) 2 Ca — 3^ 2RCHO + 2CaC0 3 , 

(RCOO) 2 Ca — > RCOR + CaC0 3 . 

Similarly, by passing the vapors of an acid and formic acid over 
a suitable catalyst, considerable aldehyde is formed: 

MnO 

RCOOH + HCOOH — > ECHO 4- H 2 0 4- C0 2 . 

300 ° 

The problem of reducing acids directly to an aldehyde has not 
been solved. Acid chlorides, however, may be reduced catalyti- 
cally by passing hydrogen through a solution of the acid chloride 
in dry benzene or xylene (p. 325) in which is suspended a catalyst 
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of palladium on barium sulfate. The reaction is generally carried 
out at the boiling point of the solvent. 

catalyst 

RCOC1 + H 2 — > RCHO + HCL 

Oxidation of Aldehydes. The chief difference between alde- 
hydes and ketones is that the former are very easily oxidized 
to an acid while the latter are oxidized only with difficulty. 
Furthermore, when ketones are oxidized, the carbon linkage is 
broken, and acids with fewer carbon atoms are the products. . ... 
The difference in the ease of oxidation is the basis faTlieveral 
tests which enable us to distinguish between the two classes of 
substances. When aldehydes are warmed with an ammoniacai 
solution of silver nitrate, they precipitate metallic silver which 
often comes down in the form of a beautiful mirror. The aldehyde 
is oxidized to the corresponding acid (in this alkaline solution as 
the corresponding salt) : 

RCHO + 2AgOH + NH 4 OH — >■ RCOONH 4 + 2Ag + 2H a O. 


Similarly, when an alkaline solution of copper hydroxide con- 
taining sodium tartrate (essentially copper hydroxide in solution) 
— Fehling’s solution — is warmed with an aldehyde, red cuprous 
oxide is precipitated: 

RCHO + 2Cu(OH)a + NaOH — > RCOONa + Cu 2 0 -f 3H 2 0. 


These tests are very easy to carry out and are frequently employed. 
Ammoniacai silver nitrate and Fehling’s solution are often spoken 
of as mild oxidizing agents, since many substances, such as alco- 
hols, are not attacked by these reagents. 

Mechanism of the Oxidation. The oxidation of aldehydes is 
probably in reality another case of dehydrogenation. There is 
considerable evidence to indicate that the aldehydes are hydrated 
in water solution; these hydrates, like the primary and secondary 

H 

/ 

alcohols, have the group = C — OH. The following equation 
represents the course of the oxidation of aldehydes according to 
this hypothesis: 


RCH0 + H 2 0: 


•H 

:RC-0 

OH 


H+ [0]i- 


from 

oxidizing 

agent 


/ 

->rc-oh+h 2 o. 

acid 
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Polymerization of Aldehydes. Aldehydes and ketones differ 
in still another respect. When an aldehyde is treated with a 
small amount of mineral acid, it is almost completely 'polymerized 
(p. 76). The polymer is a substance which has a molecular 
weight three times that of the aldehyde: 

catalyst 

3RCHO (RCHO) 3 . 


The reaction is reversible in the presence of acid. The polymer 
in the case of acetaldehyde is known as paraldehyde. It is a 
much higher-boiling liquid than acetaldehyde and, unlike acetalde- 
hyde, is insoluble in w r ater. It has none of the characteristic 
reactions of the aldehydes; for example, it will not reduce Fehling’s 
solution. In the polymer the three aldehyde molecules are joined 
together in a ring containing alternate carbon and oxygen atoms. 
Paraldehyde is used in medicine as a hypnotic. 


H O H 

CHs-C^ \j^CH 3 . 
I I 

O 0 

V 

CH 3 X 'H 

Paraldehyde 


At low temperatures acetaldehyde is polymerized by dilute sulfuric acid to 
a crystalline solid known as metaldehyde. Like paraldehyde it shows no alde- 
hydic properties. It can be converted into acetaldehyde by distilling with 
dilute acid. It burns in air with a non-luminous flame and is marketed as a 
solid fuel for household use in place of “solid alcohol.” The trade name for it 
is “ meta.” Metaldehyde differs from paraldehyde in that.it is a tetramer, 
(CHsCHO)*. 

Another Example of a Reversible Reaction. A consideration of the revers- 
ible polymerization of an aldehyde is of interest. The equilibrium with most 
aldehydes is very much in favor of the polymer. That is, when pure acetalde- 
hyde is treated with a few drops of sulfuric acid, it rapidly polymerizes until 
more than 95 per cent of the material is present as paraldehyde; the process 
then reaches equilibrium. In the same way, when pure paraldehyde is 
treated with a little acid, a few per cent of it depolymerizes, but no more. 
We are here dealing with a state of dynamic equilibrium, just as in the case 
of esterification and hydrolysis. 

Importance of the Catalyst. It must be clearly borne in mind that the 
reaction is reversible only in the presence of a suitable catalyst, such as a 
mineral acid. Pure acetaldehyde or pure paraldehyde may be kept unchanged 
for a long period of time and may be distilled without decomposition. The 
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rate of the reaction in either direction only becomes appreciable in the presence 
of a catalyst. When the rate is relatively rapid, owing to the presence of a 
catalyst, we may say that we are dealing with a mobile equilibrium . Under 
these conditions it is easy to convert the one substance into the other. For 
example, to prepare paraldehyde we treat cold acetaldehyde with a few drops 
of acid, and after a few minutes, when equilibrium has been established, wash 
away with water or dilute alkali both the unchanged aldehyde and the catalyst. 
The paraldehyde can then be dried, distilled, and kept just like any other 
organic substance. 

To convert paraldehyde (b.p. 124°) into acetaldehyde it is only necessary 
to add a few drops of mineral acid and slowly distill. Since the acetaldehyde 
boils at 20°, it rapidly volatilizes and is thus removed from the equilibrium 
mixture. More paraldehyde then depolymerizes, and this process continues 
until all the paraldehyde has depolymerized and distilled over in the form of 
acetaldehyde. This is an excellent example of the completion of a reversible 
reaction by removing one of the products. 

Polymers of Formaldehyde. Trioxymethylene, (HCHO) 3 , is a 
crystalline solid which has no aldehyde properties. On heating, it 
decomposes to form gaseous formaldehyde. Its cyclic structure is 
analogous to that of paraldehyde. In addition to this polymer, 
formaldehyde forms solid polymers of unknown molecular weight, 
(HCHO)x* These are known as paraformaldehydes or polyoxy- 
methylenes. They are amorphous solids insoluble in all solvents; 
they show no aldehydic reactions, and on heating decompose to 
give formaldehyde. They are formed by evaporating an aqueous 
solution of the aldehyde and on treating an alcoholic solution with 
acid. It has been shown recently that the la rgemioleculo-wludbJs 

present in tlmse_^olymers^ of „ .a. chain of .40 to 100 

formaldehyde units. X^rtionTof^^ this chain may be represented 
thus: ‘ 

-•0CH 2 ~0-CH 2 -0-CH 2 ~0- CH2~0~CH 2 -0~CH 2 --. 

Depending on the method of formation the terminal groups of the 
long chain are either —OH or — OCH 3 (the latter from the methyl 
alcohol used in the preparation). Acetaldehyde and the higher 
homologs of formaldehyde do not form such long-chain polymers 
under usual conditions. However, by subjecting the liquid alde- 
hyde to very high pressure (5,000 to 10,000 atmospheres) for some 
hours, such high-molecular polymers are formed in the case of the 
higher aldehydes. They resemble paraformaldehyde in their 
physical properties, but slowly revert to the liquid aldehyde when 
kept at atmospheric pressure. 
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Addition Reactions of the Carbonyl Group 

So far, we have stressed the differences between aldehydes and 
ketones. We shall now consider their many similarities. The 
carbonyl group, ^>C — 0, in both substances is very reactive and 
adds many reagents. Such addition reactions, as we have seen, 
are characteristic of substances with a double linkage (p. 63). 
The double linkage in aldehydes and ketones is between carbon 
and oxygen in contrast with that in ethylene which involves only 
carbon atoms. The reagents which add to the carbonyl group 
and to the ethylene linkage are, therefore, for the most part 
very different. 

Hydrogenation. Aldehydes and ketones are both readily 
hydrogenated to the corresponding primary and secondary 
alcohols by the use of hydrogen and a catalyst: 

catalyst 

CH 3 CHO + Ho — > CH 3 CH 0 OH, 

catalyst 

(CH 3 ) 2 C = O + Ho — > CH 3 CHOHCH 3 . 

This is the reversal of the process by which aldehydes and 
ketones may be prepared, and at temperatures of about 200° in the 
presence of copper or nickel, there is a mobile equilibrium; with 
increasing temperature the reaction proceeds to the right : 

RoCHOH ± 5 : R 2 C = 0 -f H a . 

200°-300° 

catalyst 

At room temperature, hydrogen ana a suitable catalyst will com- 
pletely hydrogenate aldehydes and ketones; above 200° the 
reverse reaction is evident. The aldehydes, ketones, and alcohols 
undergo other reversible reactions at still higher temperatures so 
that the dehydrogenation process (unlike the hydrogenation) is 
never quantitative. 

Reduction. Hydrogen may also be added to the carbonyl 
group by using some reagent which liberates “ nascent hydrogen.” 
For example, zinc and acid, sodium and alcohol, or sodium amal- 
gam and water are often employed. We shall use the symbol 
[H] for the hydrogen which comes from such reducing agents. 
These reagents usually reduce aldehydes and ketones to alcohols: 

R 2 CO + 2[H] — > R 2 CHOH. 
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An effective reagent for the reduction of the carbonyl group of 
aldehydes and ketones is aluminum isopropylate. This is made 
by allowing aluminum shavings to react with isopropyl alcohol in 
the presence of mercuric chloride as a catalyst. The steps of the 
reactions are: 

HgCI 2 

1. A1 -f 3(CH 3 ) 2 CHOH — ^ Al[OCH(CH 3 ) 2 ] 3 

2. 3RCHO + Al[OCH(CH 3 ) 2 ] 3 — > (RCH 2 0) 3 A1 + 3CH 3 COCH 3 

H 2 S0 4 

3. (RCH 2 0) 3 A1 — > 3RCH 2 OH + A1 2 (S0 4 ) 3 

The advantage of this reducing agent lies in the fact that it is, in a 
sense, specifically a reagent for aldehydes and ketones. It does 
not affect the carbon-carbon double linkage nor cause the replace- 
ment of a halogen atom by hydrogen. In most instances, hydro- 
gen gas and a catalyst as well as the usual sources of “ nascent 
hydrogen ” are more general in their action. For example, the 
reduction of tribromo or trichloroacet aldehyde with most reagents 
results in the formation of either acetaldehyde or ethyl alcohol. 
With aluminum isopropylate, however, only the carbonyl group is 
reduced. The tribromoethyl alcohol, CBr3CH 2 OH, which can 
be thus produced is used as an anesthetic under the name of 
avertin. The reaction may be written: 

3CBr 3 CHO + Al[OCH(CH 3 ) 2 ] 3 — > (CBr 3 CH 2 0) s Al + 3(CH 3 ) 2 CO. 

H 2 S0 4 

(CBr 3 CH 2 0) 3 Al — > 3CBrCH 2 OH + A1 2 (S0 4 ) 3 . <•! 

' ' ' 

It has been found that the aluminium salt of the isopropyl alcohol is essen- 
tially a catalyst for the transfer of hydrogen from the secondary alcohol to the 
ketone or aldehyde. Indeed, the aluminium salt of tert. butyl alcohol may be 
employed as the catalyst and other secondary alcohols beside isopropyl alcohol 
will then enter into a reaction with aldehydes or ketones. In solution at 
temperatures of 40°-lQ0°, the reaction slowly reaches an equilibrium. The 
composition of the equilibrium mixture depends on the nature of the carbonyl 
compound and the alcohol, the temperature and, of course, the concentration 
of factors and products. We may write the general equation for the reversible 
balanced reaction as, 

Al 

RCOR' + RiCHOHRs RCHOHR' + RiCOR-j. 

aleoholates 

There is an obvious analogy between this reversible reaction and the one 
written in the preceding section for the gaseous phase in the presence of a 
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catalyst. In the presence of an aluminum alcoholate catalyst in solution, the 
two carbonyl compounds RCOR' and R x COR 2 are competing for two hydrogen 
atoms. The energy relations are such that an aldehyde has greater affinity 
for hydrogen than a ketone. Therefore, the reaction will proceed far to the 
right if an aldehyde (R' = H) reacts with a secondary alcohol, but will be 
essentially balanced if two ketones are involved (all R J s = alkyl). Even 
under this circumstance, however, a ketone may be reduced nearly quanti- 
tatively by isopropyl alcohol if the boiling point of the desired product is much 
higher than acetone. A slow distillation removes the acetone and thus upsets 
the balanced equilibrium causing the reaction to proceed completely to the 
right. 

AI alcoholate 

RCOR + (CH 8 ) s CHOH — s- RCHOHR + CH 3 COCH 3 . 

as catalyst 

high boiling isopropyl high boiling b.p. 56° 

ketone alcohol secondary removed by 

alcohol distillation 

Dimolecular Reduction. Ketones can be also reduced to dihy- 
droxy compounds known as pinacones or pinacols; this type of 
reduction involves the joining of two molecules and is called 
dimolecular reduction. It is accomplished by using metals in alka- 
line solution, in particular, amalgamated magnesium. 


2(CH 3 ) 2 CO -f 2[H] — > 


The simplest of these which is prepared from acetone is called 
pinacol (CH 3 ) 2 COHCOH(CH 3 ) 2 - It is a liquid boiling at 172°, 
and forms a white crystalline hydrate when treated with water. 

Bisulfite Reaction. Ketones which contain one methyl group 
adjacent to the carbonyl group, and all aldehydes, combine 
with sodium bisulfite to form solid crystalline compounds sol- 
uble in water but insoluble in an excess of sodium bisulfite 
solution: 


H H 

RC - 0 +NaHSO s — >RCOH 

sodium **"■" I 

bisulfite SOsNa 


crystalline solid 
“ bisulfite addition product ” 

It is still unsettled whether in the bisulfite addition compound 
the sulfite group is linked to carbon through oxygen or sulfur. 


CH; 
CHs' 
CHav^ 
CH 3 / 


>C° H 


COH. 
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Purification of Aldehydes and Methyl Ketones. On shaking an aldehyde 
with sodium bisulfite solution and cooling, a crystalline mass of the bisulfite 
addition product is formed which can be filtered off. This reaction is taken 
advantage of in purifying aldehydes and methyl ketones. The reaction is 
reversible, but the equilibrium is such that most of the material is present as 
the addition product; by using sufficient excess of bisulfite practically all of 
the aldehyde can be converted into the desired product. It can be further 
purified by recrystallization. To obtain the aldehyde again, the addition 
product is warmed in water solution with sodium carbonate; this reacts with 
the bisulfite which is in equilibrium, neutralizing it, and forming sodi um sulfite. 
The reaction thus goes to completion: 

RCHOH + Na 2 COs — > ECHO + Na 2 S0 3 + NaHC0 3 . 

I (in H 2 0) 

SOsNa 

The aldehyde is obtained from the water solution by distilling or extracting 
with an organic solvent. Exactly the same procedure can be used for purifying 
ketones which contain a methyl group. Other ketones do not form bisulfite 
addition products. 

Addition of Hydrocyanic Acid. Hydrocyanic acid combines 
with aldehydes and ketones; the hydrogen atom attaches itself 
to the oxygen atom and the CN group to the carbon atom. 
The product is a hydroxynitrile which is often called a cyan- 
hydrin: 

H H 


RC - 0 + HCN — 

-> RCOH, 


j 

CN 

R 2 C = 0 4* HCN — 

R 2 COH. 

1 


CN 


Because hydrocyanic acid is so dangerous to handle, the cyanhydrins are 
often prepared by treating the bisulfite addition product with a solution of 
potassium cyanide. A small amount of hydrocyanic acid is formed by the 
action of free sodium bisulfite on the potassium cyanide. This hydrocyanic 
acid then combines with the aldehyde which is in equilibrium with the bisulfite 
addition product. The equilibrium conditions are thereby upset and more 
bisulfite addition product dissociates to produce more free aldehyde and jmore 
free bisulfite; the latter further liberates free hydrocyanic acid which again 
combines with an equivalent amount of free aldehyde. In this way the reac- 
tion proceeds to completion without any large quantity of aldehyde or hydro- 
cyanic acid ever being present in the reaction mixture. 

Aldol Condensation. The addition reactions of the carbonyl 
group include a peculiar type of reaction in which one molecule 
of an aldehyde adds to the carbonyl group of another molecule. 
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Such a reaction is called an aldol condensation. It is reversible 
and is brought about by the action of dilute alkali: 


H I | H ai. 
CH 3 C = 6 + HCHoC = O ^"7 

t I NaOH 


H 

CH 3 C - OH 
I 

CHsCHO. 


(The formula for the product has been written with a crooked 
chain to show the analogy between this reaction and other addi- 
tion reactions of the carbonyl group.) The product formed from 
acetaldehyde is called aldol, CH 3 CHOHCH 2 CHO. 

When the higher aldehydes are treated with dilute alkali, an 
aldol condensation takes place, but always in such a way that 
the carbon atom immediately adjacent to the carbonyl group is 
involved. Thus, propionaldehyde reacts as follows: 


jj r 1 'dil. 

CHaCHnC = 6 + HCHCHO CH 3 CH 2 CHOHCHCHO. ' 
t / 1 NaOH I 

ch 3 ch 3 

If there is no hydrogen atom orkthe carbon next the carbonyl 
group, no aldol condensation takesypla&ex This is the case with 
trimethylacetaldehyde, (CH 3 ) 3 CCHO, for example, which forms 
no aldol when treated with dilute alkali. 

When warmed with concentrated solutions of sodium hydrox- 
ide, all aldehydes which undergo the aldol condensation form 
brown sticky materials insoluble in water known as resins. These 
are probably produced by repeated aldol condensations until a 
very large molecule is formed. Ketones do not form resins under 
the same conditions. 

Condensation of Ketones. Ketones undergo a self-conden- 
sation similar to the aldol condensation. For example, acetone 
in the presence of an alkali yields diacetone alcohol: 


Ba(OH)* 

(CH 3 ) 2 C - 0 + CHsCOCHs (CH 3 ) 2 COHCH 2 COCH 3 . 

diacetone alcohol 


In this instance the equilibrium conditions are very unfavorable for the 
product; only a few per cent of diacetone alcohol is formed when liquid acetone 
is treated with solid barium hydroxide. However, this difficulty is obviated 
in the manufacture of diacetone alcohol by a special device. The solid catalyst 
Ra(OH )2 is placed in a porous container above boiling acetone (Fig. 18). 
The vapors are condensed in such a way that the liquid is returned to the 
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boiler continuously by passing through the porous vessel which holds the 
catalyst. In its passage through the solid catalyst the liquid acetone is con- 
verted to diacetone alcohol as far as the equilibrium conditions permit (a few 
per cent). The diacetone alcohol being much less volatile than the acetone 
does not volatilize and accumulates in the boiler; since no catalyst is present, 
the concentration of product may greatly exceed the equilibrium conditions. 
In fact, in this way nearly all of the acetone 
may be converted into diacetone alcohol. 

It is interesting that this product though 
perfectly stable when pure, immediately 
decomposes when treated with alkali form- 
ing the equilibrium mixture which is largely 
acetone. The apparatus used in this prep- 
aration (Fig. IS) is known as a Soxhlet 
extractor and is employed whenever a liquid 
is to be passed continuously through a solid 
as in the extraction of solid fatty material 
by ether. 

Reaction with the Grignard Re- 
agent. Both aldehydes and ketones 
combine with the Grignard reagent. 

The first product of the reaction is a 
magnesium compound which is easily 
hydrolyzed by water or decomposed 
by acids, yielding an alcohol. In 
this manner aldehydes yield primary 
or secondary alcohols and ketones ter- 
tiary alcohols . The reactions are 
illustrated by the following equations 
using acetaldehyde and methyl mag- 
nesium iodide, and acetone and 
methyl magnesium iodide as the ex- 
amples: 

(1) Synthesis of a Primary Alcohol. If formaldehyde (as 
a gas or sometimes as the solid polymer) is added to a Grignard 
reagent, the decomposition of the product yields a primary 
alcohol: 



— **. Filter Paper 
Thimble Containing 
Ba ( OH) 2 Crystals 


Fig. 18 . Soxhlet extraction 
apparatus used in the conver- 
sion of acetone to diacetone 
alcohol. 


r j 

HC=6 + R]kgX- 


-^RCHoOMgX 
| H,0 

RCH 2 OH + MgXOH. 
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(2) Synthesis of a Secondary Alcohol: 

CH S H 

H f i \ / 

CH 3 C = O + CH s MgI — >• C 

f i / \ 

CH 3 OMgl 

|h 2 o 

(CH 3 ) 2 CHOH + MgIOH. 


(3) Synthesis of a Tertiary Alcohol: 


CH„ 

\ j — — — » 

C - 0 + CHsMgl 

/ 1 J 

CH S 


CH 3 

- CH 3 ”COMgI 
CH 3 , 

|h 2 o 

(CH 3 ) 3 COH + MglOH. 


Since a variety of primary, secondary, and tertiary alcohols 
can thus be prepared, these three reactions are of the greatest 
importance. It will be noted that in these reactions the mag- 
nesium atom together with the halogen atom attaches itself to the 
oxygen, and the alkyl group goes to the carbon atom. These 
reactions proceed rapidly at room temperature in ether solution. 
They are usually carried out by preparing the Grignard reagent 
in ether solution as described in Chap. II, and then slowly add- 
ing the aldehyde or ketone. The reaction mixture is then 
treated with the ice cold ammonium chloride solution or acid, 
which hydrolyzes the addition product and keeps the basic 
magnesium salt (MgXOH) in solution. Lithium alkyls (p. 
28) may be used in place of the Grignard reagent in the above 
reactions. 

A Summary of the Addition Reactions. In all the addition 
reactions of the carbonyl group, except the hydrogenation, we 
have been dealing with the addition of unsymmetrical reagents. 
It is important to remember the way in which such reagents add. 
A very simple rule holds in the case of carbonyl compounds; 
a hydrogen atom or a metal adds to the oxygen> the residue adds 
to the carbon. All the reagents (except RMgX) are substances 
with an active hydrogen atom. The following diagram illus- 
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trates the addition reactions of aldehydes (all of these also take 
place with methyl ketones) : 

H ; 



RC = 

= O 

Hydrogenation 

H 

H 

Bisulfite addition 

Na0 3 S 

H 

Cyanhydrin formation 

NC 

H 

Aldol condensation 

r 2 c 

H 


j 

CHO 


Ammonia addition 

H 2 N 

H 

Grignard reaction 

R 

MgX 


The addition of ammonia has been included in this diagram be- 
cause there is evidence that aldehydes do combine with ammonia 
to give products of the type RCHOHNH 2 (called an aldehyde 
ammonia); but in most cases this reaction is followed by other 
reactions yielding complex products. 

Reaction of Aldehydes with Alcohols. Alcohol and water might 
be added to the diagram given above since the addition com- 

OH 

/ 

pounds of the type RCH (OH) 2 and RCH are probably formed 

OC2H5 

in aqueous and alcoholic solutions of aldehydes. However, 
except in the case of a few chloroaldehydes (p. 125) the products 
are too unstable to isolate. If an aldehyde is treated with an 
alcohol in the presence of calcium chloride or a trace of acid, a 
reaction takes place which probably proceeds through the pri- 
mary addition product of the aldehyde and alcohol. The final 
product is known as an acetal, the intermediate as a he mi-acetal: 

H 

ECHO + C2H5OH RCOH 
I 

OCoH 5 

hemi-acetal 
(not isolated) 

OC2H5 

JJ catalyst / 

RCOH + C 2 H 5 OH ^ RC 

I \ 

OC2H5 OC 2 H 5 

acetal 
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The acetals are hydrolyzed by boiling with aqueous acids; they 
are insensitive to bases. 

When a mixture of aldehydes and alcohols is treated with an 
excess of hydrogen chloride or hydrogen bromide gas the product 
is an alpha halogen ether. The course of the reaction is prob- 
ably as follows: 


OH 


ECHO + CHsOH 


H/ 

:RC 

\ 


OCII 3 


OH 

RCH^ + HCI — > RCHC1 - OCH 3 + H 2 0 

\>CH 3 


Thus a-chloromethyl ether, CH 2 C1 — 0 — CH 3 , is made from form- 
aldehyde, methyl alcohol, and hydrogen chloride. 


Alpha halogenated ethers react readily with the Grignard reagent because 
of their highly reactive halogen. This reaction is utilized to prepare many 
higher ethers : 

RCHBrOCH 3 + R'MgBr — > RCHOCH 3 + MgBr 2 . 

R' 

Condensation with Ammonia Derivatives. It has been found 
that aldehydes and ketones react with derivatives of ammonia 
to form unsaturated compounds which in many instances are 
crystalline solids. If hydroxylamine, NH 2 OH, is used, the com- 
pounds are called oximes, and if phenylhydrazine, C 6 H 5 NHNH 2 , is 
used, the compounds are known as phenylhydrazones. With 
semicarbazide, NH 2 NHCONH 2 , semicarbazones are formed. 


R 2 C 


0: + N:H2-0H = 

hydroxylamine 


r 2 c 


0 j + CgHgNHN : H 2 

phenylhydrazine 


r 2 c 


Oi+ NiHa 


NHCONH 2 = 


semicarbazide 


= RsC = NOH + H 2 0, 

an oxime 

R 2 C = NNHCcHs + IUO, 

a phenylhydrazone 

: R 2 C - NNHCONH 2 + H 2 0. 

a semicarbazone 


Similar reactions occur with aldehydes and the products are 
known by the same general names. It is convenient to remember 
that these three reagents which condense with aldehydes and ke- 
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tones have the general formula BNH 2? and that the products have 
the general formula R 2 C = NB in the case of ketones, and RCH 
— NB in the case of aldehydes (B is OH for the oximes, CeH 5 NH 
for the phenylhydrazones, and NHCONH 2 for the semicarba- 
zones). It is often supposed that the condensation proceeds 
through the intermediate formation of an addition product 
R 2 COHNHB which then loses water; if this is the case these 
reactions may be thought of as a special case of the ammonia 
addition reaction mentioned above: 


r 2 CO + NH 2 B 


R 2 CN 


H 


B 


R*C = NB4-H 2 0 


Identification of Aldehydes and Ketones. The identification 
of very small amounts of liquids is always a very difficult matter 
in the laboratory. The identification of small amounts of solids 
is relatively easy if the solids have a melting point between room 
temperature and 200°. The simple aldehydes and ketones are 
all liquids, and the problem of identifying them therefore resolves 
itself into the problem of converting them into crystalline solids 
with sharp melting points. This is mostly done by means of 
one of the three condensation reactions just described. In fact 
hydroxylamine, phenylhydrazine, and semicarbazide are often 
called “ carbonyl group reagents ” because they form crystalline 
condensation products with most aldehydes and ketones. For the 
simplest aldehydes and ketones, the last two reagents are used 
since the oximes of low molecular weight are liquid. The phenyl- 
hydrazones and semicarbazones formed from practically all alde- 
hydes and ketones are crystalline solids with a sharp melting 
point. 


The reaction is usually carried out in aqueous solution or a mixture of 
alcohol and water if the carbonyl compound is insoluble in water. The 
reagent is usually added in the form of its hydrochloride. (Like ammonia, 
these reagents are bases and form salts with acids.) Since the reaction will 
not proceed if any mineral acid is present in the solution, potassium acetate 
is added in excess to react with the hydrochloric acid. The product separates 
as a crystalline solid, a fact which causes the balanced reaction to go more 
nearly to completion. The entire reaction is thus represented by the following 
general equation: 

R 2 CO + BNH 2 .HCI + CHsCOOK — i; R 2 C = NB + CH 3 COOH + KC1 

insoluble 
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The composition of the equilibrium mixture and the speed at which equi- 
librium is attained depends on the aldehyde or * ketone, the reagent, and the 
acidity of the solution. Under comparable conditions the condensation with 
ketones is less complete (at equilibrium) than with aldehydes. For this 
reason aldehydes may be used to regenerate ketones from their condensation 
products; acetic acid is used to accelerate the reaction: 

R 2 C - NB + RCHO RCH = NB + R 2 CO. 

Tests for Aldehydes. The fuchsine test and the reaction with 
ammoniacal silver nitrate are often used for distinguishing alde- 
hydes from ketones. The fuchsine test consists of adding a 
solution of the material to a solution of fuchsine (magenta) which 
has been barely decolorized with sulfur dioxide; such a solution 
is known as SchifPs reagent. If an aldehyde is present, a bright 
pink color soon appears. Ketones do not give this test and do 
not reduce ammoniacal silver nitrate (p. 111). 

Reactions Involving Halogen 

Replacement of Carbonyl Oxygen. The carbonyl oxygen in 
aldehydes and ketones may be replaced by the action of phos- 
phorus pentachloride: 

RCHO + PC1 6 — > RCH Cl 2 + POCl 3 , 

R 2 CO + PCi 5 — > R2CCI2 + POCl 3 . 

The dichloro compounds thus produced undergo hydrolysis on 
boiling with alkali and regenerate the carbonyl compound. 

Replacement of Hydrogen by Halogen. By the action of 
chlorine or bromine on a ketone, one or more hydrogen atoms 
adjacent to the carbonyl group are readily replaced by halogen: 

CH3COCH3 + Br 2 — > CH 2 BrCOCH 3 + HBr. 

monobromoacetone 

It is very interesting that the hydrogen atom replaced is the 
same one that is active in the aldol condensation. We thus see 
that as a general rule the hydrogen atoms on the carbon adjacent 
to the carbonyl group are active. This carbon atom is often called 
the alpha carbon atom since by one method of nomenclature the 
position of the substituent in aldehydes or ketones is denoted by 
y ft a 

Greek letters, thus; CH 3 CH 2 CHBrCHO, is known as alpha bro- 
mobutyraldehyde. 
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The direct interaction of aldehydes and halogen leads to a mix- 
ture of products. The cyclic trimers (p. 112), however, can often 
be brominated with the replacement of only one hydrogen per 
carbonyl group. The alpha halogen ketones and aldehydes are 
reactive substances and are used in syntheses. They are extremely 
lachrymatory in their action and the bromoacetones are used as a 
“ tear gas.” 

Chloral. Trichloroaeetaldehyde, commonly called chloral , can 
be prepared by treating acetaldehyde with chlorine water or by 
the action of chlorine on ethyl alcohol. In the latter case, 
the chlorine first oxidizes the alcohol to acetaldehyde and then 
chlorinates this substance. Chloral is an oily liquid which boils at 
97° and has the peculiar property of combining with a molecule of 
water, forming the crystalline solid, chloral hydrate, CC1 3 CH (OH) 2 . 
This finds a limited use in medicine as an hypnotic. 

Chloral hydrate is of scientific interest because it appears to be 
one of the few stable compounds in which two hydroxyl groups 
are attached to the same carbon atom. It easily loses water on 
heating, forming the aldehyde. Some prefer to write the formula 
CCI3CHO.H2O instead of CC1 3 CH(0H)2 ? leaving it undecided 
as to whether a dihydroxy compound is really at hand. The fact 
that chloral hydrate does not affect SchifFs reagent whereas 
chloral does, is evidence in favor of the dihydroxy formula. Appar- 
ently the reaction between chloral and SchifFs reagent is faster 
than the hydration. 

Chloral also combines with one molecule of alcohol to form a 
compound which is probably one of the few examples of a hemi- 
acetal (p. 121): 


H 

CC1 3 C - OH 



hydrate 


H 

CCbC - OH 

aldehyde ammonia 


H 

CClgC - OH 

OC2H5. 

hemi-acetal 


With one molecule of ammonia chloral gives a true aldehyde 
ammonia. 

The Haloform Reaction. Chloral is rapidly decomposed on 
treatment with aqueous sodium hydroxide yielding chloroform, 
CHCI3, and sodium formate: 


CCls -CHO + NaOj H— > CHCla + HCOONa. 
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A similar reaction takes place with trichloroacetone, CCI3COCH3; 
here sodium acetate is one of the products : 


CC1 3 iCOCHa 4* NaOi H 


CHCI 3 + CHsCOONa. 


This reaction is taken advantage of in preparing chloroform 
(p. 133). Sodium hypochlorite acts on acetaldehyde or any 
methyl ketone to form chloroform. It also acts on substances 
which are readily oxidized to acetaldehyde or a methyl ketone , since 
it is both an oxidizing agent and a chlorinating agent. The 
reactions proceed very rapidly and no intermediates can be 
isolated under these conditions : 


Chloroform from alcohol, 

CH3CH2OH + NaOCl — > CH3CHO + NaCl + H 2 0, 
CH3CHO + 3NaOCl — CCI3CHO -f 3NaOH, 
CCI3CHO + NaOH — ^ CHCI3 + HCOONa, 

Chloroform from acetone, 

CH3COCH3 + 3NaOCl — > CHsCOCCb + 3NaOH, 
CH3COCCI3 + NaOH — > CHaCOONa + CHC1 3 . 


A similar reaction is given if sodium hypobromite (NaOBr) 
or sodium hypoiodite (NaOI) is used in place of the hypochlo- 
rite; the halogen-containing products are bromoform, CHBr 3 , or 
iodoform, CHI 3 . The latter is a yellow solid with a characteristic 
odor, and is easily identified. 

The action of one of these reagents on a methyl ketone is a 
convenient way of preparing an acid KCOOH from the methyl 
ketone , RCOCH 3 . 

The Iodoform Test for Ethyl Alcohol. Generally in the labora- 
tory, sodium hypoiodite is prepared by treating an aqueous solu- 
tion of iodine in an iodide with sodium hydroxide. Such a 
solution gives an immediate precipitate of iodoform with acetone, 
and when warmed with ethyl alcohol gives a similar precipitate. 
Since methyl alcohol does not form iodoform when treated with 
sodium hypoiodite, this test is often used to distinguish ethyl from 
methyl alcohol . Acetone, acetaldehyde, isopropyl alcohol and a 
number of other substances also will give the test. 
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Structure of Acetaldehyde. The decomposition of chloral by 
sodium hydroxide to give chloroform and sodium formate is 
an important piece of evidence in regard to the structure of 
chloral and in turn of acetaldehyde itself. Chloroform must con- 
tain three chlorine atoms attached to the carbon atom (no other 
arrangement is possible), and, since it is easily formed from 
chloral, the group CC1 3 must also be present in this substance. 
Chloral, in turn, is formed by the replacement of three hydrogen 
atoms in acetaldehyde by three chlorine atoms; hence the group 
CH 3 must be present in acetaldehyde. We can thus write aeetal- 
delyde, C 2 H 4 0, as CH 3 (CHO), without for the time being com- 
mitting ourselves as to the nature of the group in parenthesis. 

The preparation of acetaldehyde from ethyl alcohol and its 
easy reduction to this same substance is clear indication that 
the two carbon atoms are linked to each other and not through 
oxygen. The oxidation to acetic acid is also evidence of the 
same facjfc. The aldehyde contains no hydroxyl group since it 
does not form H 3 F0 3 with PC1 3 ; therefore, the hydrogen and 
oxygen must be attached as follows: 

H H 

CH s cd 0 or CH S C^ O. 

Our reasons for preferring the second formula with a double 
linkage are exactly those given in connection with the structure 
of acetic acid (p. 102). 

The Structure of Ethylene. It will be remembered that the 
formula CH 3 CH<^ or CH 3 CH for ethylene was discarded (p. 59) 
because ethylene dichloride is CH 2 CICH 2 CI. We shall now con- 
sider the facts which show that the addition product of ethylene 
and chlorine is the a , dichloro compound. We have just seen 

H ' 

that acetaldehyde must have the structure CH 3 C = 0; the di- 
chloride formed by replacing the oxygen by two chlorine atoms 
must, therefore,, be CH 3 CHC 1 2 . This is an entirely different sub- 
stance from the chloride made by adding chlorine to ethylene. 
Only two isomers are possible, therefore, since that prepared 
from acetaldehyde must be CH3CHCI2; the one from ethylene is 
CH2CICH2CI. If the chlorine addition product from ethylene 
had been identical with that formed from acetaldehyde and 
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PC1&, then the formula CH 3 CH for ethylene would have been 
established. No such hydrocarbon has ever been prepared in 
spite of numerous attempts. Apparently, hydrocarbons with 
divalent carbon atoms are not stable. 

A Few Industrially Important Aldehydes and Ketones 

A number of aldehydes and ketones are commercially available. 
Of these the most important are formaldehyde, acetaldehyde, and 
acetone. They were long prepared from methyl alcohol, ethyl 
alcohol, and acetic acid respectively. New and even cheaper 
methods of producing the last two have been discovered. The 
importance of acetaldehyde lies in the fact that from it a great 
variety of compounds may be prepared. We will postpone a 
discussion of this development until the next chapter. 

Formaldehyde. This aldehyde is prepared by the oxidation 
of methyl alcohol by air in the presence of metallic silver or copper 
at a temperature of about 300°. The reaction is carried out on a 
large scale by passing a mixture of the vapors of methyl alcohol 
and air through a tube containing copper gauze kept at the 
desired temperature. The issuing gases containing formalde- 
hyde, water, and unchanged methyl alcohol are passed through 
water which dissolves the organic material. A forty per cent 
water solution of formaldehyde is sold as formalin. 

Large quantities of formaldehyde are prepared industrially 
for use as an antiseptic, as a starting point for the manufacture of 
other organic compounds, and for the preparation of synthetic 
resins (p. 354). Formaldehyde solutions are used in preserving 
and hardening biological specimens. Paraformaldehyde (the 
polymer) is often used as a convenient source of the gas. Such 
solid paraformaldehyde is often heated in a little burner in order 
to disinfect a sick room from contagious disease. Formaldehyde 
gas has a certain disinfecting action and kills the lower forms of 
life. This is one of the important uses of formaldehyde. 

Unique Properties of Formaldehyde. As the first member 
of the series, formaldehyde has certain peculiarities. It differs 
from the other aldehydes in that on warming with concentrated 
sodium hydroxide it yields no resin, but undergoes the following 
peculiar reaction in which one molecule is oxidized at the expense 
of the other: 

2HCHO + NaOH — > CH 3 OH + HCOONa. 
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This reaction is known as the Cannizzaro 1 reaction; it is charac- 
teristic of those aldehydes which have no hydrogen in the alpha 
position, as R 3 CCHO. 

When a formaldehyde solution is kept slightly alkaline and 
allowed to stand, a condensation peculiar to formaldehyde takes 
place. A mixture of compounds known as sugars (carbohydrates) 
is formed. These are polyhydroxyaldehydes and ketones and 
contain five and six carbon atoms in a straight chain (Chap. 
XVII). The actual product of the self condensation of formalde- 
hyde is a complex mixture, but the reaction may be illustrated by 
the following equation: 

OvOvOvOvO^O 

11 \ 11 Vi \ 11 \ 11 \ 11 

HCH HCH HCH HCH HCH HCH 

\ |\ |\ |\ J\ I 

— v ch 2 ohchohchohchohchohcho. 

A similar reaction is believed by many to be involved in the forma- 
tion of carbohydrates in green plants from carbon dioxide and 
water under the influence of sunlight (Chap. XXXII). 

Hexamethylene tetramine, (CH 2 )6N 4 , is a complex substance 
obtained by evaporating a mixture of an aqueous solution of 
formaldehyde and ammonia : 

6HCHO + 4NH 3 — (CH 2 )6N4 + 6H 2 0. 

The compound is a crystalline solid which is used in medicine 
under the name urotropine. 

Acetone. Acetone is the one ketone commonly met. Until 
1927, it was prepared by the destructive distillation of calcium 
acetate which was obtained from the destructive distillation of 
wood (p. 15). 

It is now largely prepared by a special type of fermentation, and 
is a by-product of the butyl alcohol industry (p. 19). A large 
amount of acetone is also made by the oxidation of isopropyl 
alcohol, which, as previously pointed out, is obtained as a 
by-product of the petroleum industry (p. 67). 

The chief use of acetone industrially is as a solvent, since it 

Stanislao Cannizzaro (1826-1910), Professor of Chemistry in Rome. In 
addition to his work in organic chemistry, he played an important part in estab- 
lishing clear ideas about atomic and molecular weights (1858). 
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dissolves many organic substances which dissolve even in alcohol 
with difficulty. The rapid growth of acetone as a commercial 
solvent may be illustrated by the fact that while 13 million 
pounds of acetone were manufactured during 1927, over 94 
million were produced during 1936. 

A Comparison of Aldehydes and Ketones 
The following table summarizes the more important reactions 
of aldehydes and ketones. Formaldehyde is given a separate 
place, since as the first member of the series it has no alkyl group 
attached to the carbonyl group and has certain unique properties. 



Fehling’s 

Solution 

Fuchsine 

Test 

NaHSOs 

RMgX 

Yields 


Formal- 

dehyde 

oxidized 

positive 

addition 

product 

primary 

alcohol 

polymers 
of high 
mol. wt. 

Acetalde- 
hyde 
and other 
aldehydes 

oxidized 

positive 

addition 

product 

second- 

ary 

alcohol 

tri- 

molec- 

ular 

polymers 

Acetone 

and 

other 

ketones 

no 

action 

negative 

addition 

product 

if 

CH 3 COR 

tertiary 

alcohol 

no 

polymer 


QUESTIONS AND PROBLEMS 

1. Write structural formulas for: di-n-propyl ketone, isopropyl ethyl 
ketone, propionaldehyde, the bisulfite addition compound of isobutyraldehyde, 
aldol, the dimethyl acetal of formaldehyde. 

2. Write balanced equations for the following' reactions indicating the 
conditions under which the reaction proceeds rapidly: ri (a) the preparation of 
acetaldehyde from acetic acid; (b) the commercial method of preparing formal- 
dehyde; (c) a general method of preparing ketones from secondary alcohols; 
(d) a general method of preparing ketones from acids. 

3. By what chemical tests could you distinguish between the following 
four gases : formaldehyde, methyl chloride, acetylene, ethylene? 

4. Compare the physical and chemical properties of formaldehyde, 
acetone, acetaldehyde and diethyl ketone. 
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5. Write equations showing the action of ethyl magnesium bromide on: 
(a) water; (b) formaldehyde; (c) diisopropyl ketone; (d) propionaldehyde. 
Name the products formed in each case. 

6. Outline a procedure for separating by chemical means a mixture of 
acetone and diethyl ketone. 

7. How can acetaldehyde be prepared from paraldehyde? Explain care- 
fully the reaction which is involved and the importance of the conditions. 

8. Outline briefly the industrial methods of preparing acetone and formal- 
dehyde. What are the important uses of these compounds? 

9. How could you most readily decide whether a given liquid was an 
alcohol, an aldehyde, a ketone or an acid? What crystalline solids can be 
readily prepared from aldehydes and ketones and used for purposes of identi- 
fication? Write equations for the reactions involved in their preparation. 

10. Outline methods of preparing the following compounds using as starting 
material any inorganic reagent and only organic reagents having no more than 
two carbon atoms: (a) propidnaldehyde; (b) diethyl ketone; (c) pinacol; 
(d) ethyl-dimethy 1-carbinol . 

11. Show by equations the conversions of the following: (a) CH 3 CH 2 OH 
to CH3CH2COCH3; (b) CH3CH2OH to CH 3 CH(OC2H 6 ) 2 ; (c) CHsCH 2 OH to 
CHI 3 ; (d) CH3CH2COOH to CH3CH2COCH3. 

12. How would you differentiate between acetaldehyde, diethyl ketone, 
acetone, and propionaldehyde? 

13. Write structural formulas for: propanal; hexanone-3 ; 2, 2-dimethyl- 
hep t anal; 4-methyloctanone-3; the semicarbazone of butanone-2. 

14. Write equations representing the following reactions: (a) acetonitrile 
and methyl magnesium iodide followed by treatment with dilute acid; (b) 
trimethylacetaldehyde and alkali; (c) acetone, bromine, and aqueous sodium 
hydroxide; (d) diethyl ketone and hydroxylamine. 

15. Define the following: (a) Cannizzaro reaction; (b) aldol condensation; 
(c) haloform reaction; (d) polyoxymethylene; (e) Fehling’s solution; (f) para- 
formaldehyde. 
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THE POLYHALOGEN COMPOUNDS: DETERMINATION 
OF STRUCTURE AND SYNTHESIS OF 
SIMPLE COMPOUNDS 

The polyhalogen derivatives of methane are listed below 
together with their physical properties. They are all heavier 
than water and insoluble in it. We shall study in detail a few of 
the more important polyhalogen compounds. 


Polyhalogen Derivatives .of Methane 


Name 

Formula 

Melting Point 

Boil- 

ing 

Point 

Methylenechloride 




(dichloromethane ) 

ch 2 ci 2 

— 97° 

40° 

Chloroform (trichloromethane) 

CHCls 

-63° 

61° 

Carbon tetrachloride 

CC14 

-23° 

770 

Methylenebromide) 




(dibromomethane) 

CH 2 Br 2 

— 53° 

99° 

Bromoform 

CHBr 3 

S° 

151° 

Carbon tetrabromide 

CBr* 

91° 

190° 

Methyleneiodide (diiodomethane) 
Iodoform 

Carbon tetraiodide 

OOO 

6° 

1190 

Sublimes between 
90° and 100° in vacuo 

181° 


Carbon Tetrachloride. Carbon tetrachloride (tetrachloro- 
methane) is prepared commercially in enormous quantities by 
the action of chlorine on carbon disulfide which in turn is pre- 
pared in the electric furnace by heating coke and sulfur. 

CS 2 4- 3C1 2 — ^ CC1 4 + S 2 C1 2 . 

carbon sulfur 

disulfide chloride 

The two products of the chlorination of carbon disulfide can be 
separated by fractional distillation. 

Uses of Carbon Tetrachloride. Carbon tetrachloride is a 
volatile liquid which finds wide use because of its property of 
being an excellent solvent and because of its incombustibility. 

132 
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It is one of the few organic substances which will not burn. 
Being heavier than water and insoluble in water, it can be used 
for extracting organic compounds from aqueous solution. It is 
now widely used in the dry cleaning of clothes; for this purpose 
it is often mixed with gasoline in such proportions that the mix- 
ture will not catch fire. Carbon tetrachloride is used in certain 
types of fire-extinguishers which are particularly adapted for fires 
which occur in chemical laboratories or in connection with burning 
oil. When water is poured on oil fires, it tends to spread a layer 
of burning oil. Carbon tetrachloride, on the other hand, volatil- 
izes; the heavy gas hangs as a smothering cloud over the fire and 
extinguishes it. Carbon tetrachloride is used in the treatment of 
animals suffering from internal parasites. 

Preparation of Chloroform. Chloroform (trichloromethane) can 
be prepared by reducing carbon tetrachloride with iron and water: 

CC1 4 + [H] — > CHCh + HCL 

iron -j- water 

The older method of manufacture consists in distilling ethyl 
alcohol or acetone with sodium hypochlorite (NaOCl) solution 
or a suspension of bleaching powder (p. 126). 

Uses of Chloroform. Chloroform like carbon tetrachloride is 
non-inflammable and an excellent solvent and, although expen- 
sive, is used in the laboratory and in the industries for this pur- 
pose. It is also used to a limited extent as an anesthetic. For 
this purpose it must be pure and kept in completely filled brown 
bottles, since in the presence of light and air it undergoes decom- 
position to some extent, forming the poisonous carbonyl chloride 
COCI 2 (p. 246) and hydrochloric acid. Commercial chloroform 
always contains a small amount of ethyl alcohol which in some 
way prevents the formation of carbonyl chloride. 

Chemical Reactions of Chloroform. On hydrolysis with alkali, 
chloroform yields formic acid; the “ ortho acid,” CH(OH) 3 , 
which is perhaps formed first, is not stable (p. 101): 

CHCI 3 + 3KOH — HCOOH + 3KC1 -f H 2 0. 

It will be recalled, however, that the esters of orthoformie acid 
are stable (p. 101); these result when chloroform is treated with a 
sodium alcohoiate. For example, sodium ethylate yields the ethyl 
ester of orthoformie acid: 


CHC1 3 + 3NaOC 2 H 5 


CH(OC 2 H 5 ) 3 + 3NaCl. 
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Iodoform. Iodoform is prepared from acetone and sodium 
hypoiodite. Since the latter substance is extremely unstable, it is 
made as it is needed from sodium iodide and sodium hypo- 
chlorite: 

NaOCl + Nal — > NaOI + NaCl 
CH3COCH3 + 3 NaOI — ^ CHI 3 + CH 3 COONa + 2 NaOH. 

Iodoform is a yellow solid melting at 120° with a characteristic 
odor. It was used in the early development of antiseptic surgery 
as a dressing for wounds and is still used to some extent for this 
purpose. 

Methylene Iodide. Diiodomethane, usually known as methyl- 
ene iodide, is prepared by the reduction of iodoform. The best 
reagent for this purpose is sodium arsenite; this is a rather unusual 
reducing agent in organic chemistry but is excellent in this par- 
ticular instance, the yield being almost quantitative: 

CHI 3 + NasAsOs + NaOIi — > CH2I2 + Nal + Na 3 As0 4 . 

Methylene iodide is a colorless liquid boiling at 181° and having 
a density of 3.3. With the exception of mercury it is the heaviest 
liquid known. 

Dichlorodifluoromethane. The only fluorine derivative of par- 
affin hydrocarbons having industrial importance is dichlorodi- 
fluoromethane, CCI 2 F 2 , a gas which boils at —30°. The com- 
mercial significance of this substance lies in the fact that it is an 
ideal refrigerant. For refrigerators and for air conditioning units, 
it is far superior to ammonia, sulfur dioxide, and ethyl chloride 
in that it is practically odorless, non-toxic, non-inflammable, and 
non-corrosive. Dichlorodifluoromethane is manufactured from 
carbon tetrachloride by a rather special process: 

SbCla 

3CC1 4 + 2SbF 3 — > 3 CCI 2 F 2 + 28bCl s . 

Halogen Derivatives of Ethane and Other Hydrocarbons 

Isomeric Dichloroethanes. The two isomeric dichloroethanes, 
ethylene dichloride, CH 2 CICH 2 CI, and ethylidene chloride, CH 3 - 
CHC1 2 , were mentioned in the last chapter in connection with the 
structures of ethylene and acetaldehyde (p. 127). The former is 
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prepared from ethylene and chlorine (p. 58) and is produced 
industrially for use as a solvent. It is a liquid, insoluble 
in water and boiling at 84°. The isomeric chloride (b.p. 59°) 
results from the action of phosphorus pentachloride on acetalde- 
hyde: 

CHsCHO + PCls — > CH3CHCI2 + POOL. 

Dibromoethanes. Ethylene dibromide, CH 2 BrCH 2 Br (b.p. 
131°), is prepared by the action of bromine on ethylene (p. 58), 
while its isomer (b.p. 113°) is prepared either by the action of 
phosphorus pentabromide on acetaldehyde or by the addition of 
hydrobromic acid to acetylene: 

CH =s CH + 2HBr — >> CH 3 CHBr 2 . 

Tetrachloroethylene. Tetrachloroethylene is obtained as a 
by-product of the manufacture of chloroform from carbon 
tetrachloride: 

2 CCI 4 + 2Fe — > CC1 2 = CC1 2 -f 2FeCl 2 . 

It is a liquid which boils at 121°. It is finding use in place of 
carbon tetrachloride in the treatment of internal parasites in 
animals. 

Acetylene Tetrachloride. This substance is prepared by the 
action of chlorine on acetylene: 

CH as CH -f 2C1 2 — > CHC1 2 CHC1 2 . 

The reaction is almost explosive unless the gases are brought 
together in the presence of some inert solid material. Acetylene 
tetrachloride (symmetrical tetrachloroethane) is a liquid which 
boils at 147°. It is a valuable solvent for cellulose acetate 
(p. 321) and other organic compounds. 

Nomenclature of Polyhalogen Compounds. A general method 
of naming the halogen derivatives of the hydrocarbons is neces- 
sary, since the higher members of the series have many isomers. 
Thus, while trichloromethane can only mean CHC1 3 (chloroform), 
trichloropropane might be any one of five isomers. The method 
commonly employed is to consider the substances as derivatives 
of the corresponding paraffin hydrocarbon and to denote by 
Greek letters the position of the substituting atoms. The num- 
ber, name, and position of the halogen atoms come first, and the 
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name of the parent hydrocarbon last. The following examples 
will make this clear: 

CH 3 CH 2 CHCI 2 a, a-dichloropropane 

7 & a 

CH3CHCICH2CI a, /S-dichloropropane 

7 $ ct 

CH2CICH2CH2CI a , 7-dichioropropane 

7 & a 

The Greek letters are written under the above formulas to indi- 
cate the method; they are usually written only in the name. 
The lettering should always begin from the most substituted 
end of the molecule (which, of course, may be either at the right 
or the left depending on how the formula is written). The 
method of naming compounds with different halogen atoms is 
shown below: 

CH2ClCHBrCH 3 a-chloro-/ 3 -bromopropane 
CHoCICHRrCHoI a-chloro-yS-bromo-7-iodopropane 
or a-iodo-£-bromo-Y-cKloropropaiie. 

The Geneva method of naming the polyhalogen compounds is 
now preferred by many people. The compounds are named from 
the longest straight chain paraffin hydrocarbon, and the posi- 
tion of the substituent halogen atoms indicated by numerals in 
the usual way. Thus CH3CH0CHCI2 is 1,1-diehloropropane, 
CH 3 CHCHClCHBrCH 3 , is 2-methyl-3-chloro-4-bromopentane, 

' .. i 
CH 3 

and CH 2 C1CH 2 CH 2 CHC1CH 3 , is 1, 4-dichloropentane. 

General Methods of Preparing Polyhalogen Compounds. The 
halogen derivatives of methane and ethane which have just been 
discussed are peculiar in that the halogen atoms must be on 
the same or on adjacent carbon atoms. With compounds contain- 
ing many carbon atoms we have a great variety of halogen com- 
pounds. These substances are often very useful in organic 
syntheses, since they will enter into many metathetical reactions. 
Irrespective of the length of the carbon chain we may summarize 
the methods of preparing dichloro and dibromo compounds as 
follows: 

(a) Two halogen atoms on same carbon atom : Such compounds 
are prepared from aldehydes or ketones by the action of phos- 
phorus pentachloride or pentabromide. 
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(b) Two halogen atoms on adjacent carbon atoms: Compounds 
formed by the addition of chlorine or bromine to an olefin. 

(c) Two halogen atoms on carbo?i atoms removed by one or more 
carbon atoms: These compounds are prepared from the corre- 
sponding hydroxy compounds (Chap. IX) by reactions exactly 
similar to those used in preparing alkyl halides from alcohols. 

Determination of Structure and Synthesis of Simple 
Compounds 

In the previous chapters we have considered a variety of or- 
ganic compounds and discussed methods for their preparation and 
some of their typical reactions. Such information is part of the 
working knowledge of every organic chemist. By means of it he 
is able to determine the structure of new compounds which may 
be discovered and to outline a procedure for their synthesis. The 
actual problems which are confronting the investigator today are 
too complex, for the most part, to be considered in the first course 
in the subject. The methods used in attacking these problems, 
however, are exactly like those employed in determining the 
structure of simple compounds. Indeed, occasionally some new, 
but relatively simple compound is found or prepared even today 
and some of the examples considered in the following pages are 
taken from research work. 

In general there are two ways of determining the structure of an 
unknown compound. We may study its reactions and break it 
down by a variety of methods or we may attempt to synthesize it 
by known reactions. Usually both methods are employed in such a 
way as to reinforce each other. Specific problems concerning 
different classes of compounds will illustrate these methods and 
at the same time provide a review of the material of the last six 
chapters. 

Let us first consider the subject of alcohols. If a certain 
pure substance by analysis and molecular w r eight determination 
corresponds to the general formula CJBUn+iOH, reacts with 
phosphorus trichloride and is esterified by acids, we may conclude 
that it is an alcohol. The problem next arises as to what par- 
ticular alcohol it may be. If the substance is known, we can 
of course exkmine its physical properties and, by comparing these 
with those of the known compound, identify the material. If it 
has never before been prepared, then a real problem confronts us. 
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Is an Alcohol Primary, Secondary, or Tertiary? Suppose the 
alcohol in question is C4H9OH and that we are the first dis- 
coverers of any one of the possible isomers. The first thing to 
do is to determine whether it is a primary, a secondary or a 
tertiary alcohol. This is done by oxidation. The products are 
obtained in a pure state and analyzed. If our compound yields 
in this way an acid C3H7COOH, it must have been a primary 
alcohol. If it yields CH 3 COOH or C 3 H 5 COOH (acids with fewer 
atoms), we must try to isolate an intermediate product. If 
we can isolate a ketone C 4 H 8 0 , then we know that the sub- 
stance must be a secondary alcohol. If no such compound is 
formed, we must conclude that the substance is a tertiary 
alcohol. 

Such class reactions enable us to reduce greatly the number of 
possibilities. Except in the case of very simple compounds they 
are insufficient to solve the problem, however. The possibilities 
can be still further decreased by studying the transformation 
and degradation to simpler molecules. In the case of alcohols 
or alkyl halides it is often useful, for example, to transform them 
into the corresponding olefins (p. 60). If we can determine the 
structure of the resulting olefin, the structure of the alcohol may 
become evident. 

The Structure of Butyl and Isobutyl Alcohol. There are two 
primary alcohols with the formula C-4H9OH which we will call 
A and B. On dehydration with a catalyst (p. 60 ) they form two 
isomeric butylenes, C 4 H 8 , which in turn combine with water (in 
the presence of acids, p. 67 ), to yield alcohols, C4H9OH. The 
butylene from “ A ” yields tertiary butyl alcohol, (CH 3 ) 3 COH (the 
only possible tertiary alcohol, C4H9OH); the other yields the 
secondary alcohol, CH 3 CH 2 CHOHCH 3 . From these facts, it is 
clear that A must be isobutyl alcohol, (CH 3 )2CHCH 2 OH, and B 
normal butyl alcohol. 


OH s 

\ A 1 2 0 3 

CH - CH2OH — > (CH 3 ) 2 C = CH 2 

/ 300 ° butylene 

CH» from “ A ” 

(isobutyl alcohol 
" A ” in the problem) 


HaO 

case).) 


(CH,),COH 

tert. alcohol 
oxidation gives 
cleavage only 


AI0O3 h 2 o 

CH3CH2CH2CH 2 OH — > CH 3 CH 2 CH = CH 2 — > CHaCHjCHOHCHs. 

(n-butyl alcohol butylene (H2SO4) a sec. alcohol 

B ” in the problem) from “ B ” oxid. to ketone 
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Dehydration of Alcohols. In the laboratory it is frequently more conven- 
ient to dehydrate an alcohol by heating it with a small amount of sulfuric acid 
to a temperature at which water distills from the reaction mixture. In 
place of sulfuric acid, strong organic acids may be used as catalysts. This 
method is particularly adapted to the dehydration of secondary and tertiary 
alcohols. 

Structure of Olefins. In the example just given the structure 
of two olefins was determined by converting them into alcohols 
by combining them with water (note the importance of Markowni- 
kofFs rule, p. 65) and determining the nature of the alcohol. A 
more general method of determining the structure of olefins is by 
oxidation. For this purpose ozone is the best reagent and is 
superior to potassium permanganate which has been used, how- 
ever (p. 66). A stream of oxygen containing from 3-6 per cent 



Fig. 19. Apparatus used in the laboratory for treating unsaturated compounds 

with ozone. 


ozone (obtained by passing a silent electric discharge through 
oxygen) is bubbled through the unsaturated hydrocarbon (Fig. 
19). The ozone rapidly combines with the unsaturated com- 
pound, forming a substance known as an ozonide. The resulting 
addition product on decomposition with water yields a mixture 
of aldehydes or ketones and hydrogen peroxide. The latter must be 
destroyed by the use of some mild reducing agent (e.g. y zinc and 
water) as otherwise it will oxidize any aldehyde to an acid. The 
aldehydes and ketones can be identified if they are known, other- 
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wise their structure may be determined by methods similar to 
those we have considered. 

The following equations illustrate the behavior of two iso- 
meric octenes when ozonized. It will be noted that the products 
(after decomposing the ozonide with water) are different in each 
case: 


(a) (CH 3 ) 3 CCH - C(CH 3 ) 2 + 0 3 — > (CH 3 ) 3 CCH e(CH 3 ) 2 

Os 

an ozonide 

(CH 3 ) 3 CCH C(CH 3 ) 2 

\ / + H 2 0 — ^ (CHs)sCCHO 

0 3 

+ (CH 3 ) 2 CO + H 2 0 2 , 


CH 3 


CH 3 


(b) (CH 3 ) 3 CCH 2 C = CH 2 + 0 3 — (CH 3 ) 3 CCH 2 C CH 2 

Os 


ch 3 


(CH 3 ) 8 CCH 2 C CH 2 + HoO 

V 


(CH 3 ) 3 CCH 2 C0CH 3 

-f HCHO + H 2 0 2 . 


The equations -written above illustrate two specific cases. A 
general equation summarizing the method is as follows, in which 
Hi, R2, R3, R4, may be alkyl groups or hydrogen atoms: 


Ri R3 

)cc( 

R 2 R4 


Ri R 3 

\ / 

+ o 3 — c — c 

R 2 0 3 R*, 


Ri R 3 

\>— </ 

V / V 

R 2 O3 Hi 


Ri 


+ H 2 0- 


V 


r 2 


/ 


CO + 


R s 

\ 

CO + HsOj. 

/ (removed by zinc 
H 4 and water) 


Proof of Structure by Synthesis. The final proof of the cor- 
rectness of a structural formula is the synthesis of the compound 
by known steps. A careful comparison of the physical and chem- 
ical properties of the compound under examination with those of 
the synthetic product will establish whether or not the two mate- 
rials are identical. If the reactions and transformations of the un- 
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known compound enable one to state definitely that it is one of two- 
or three possibilities, it is often easiest to complete the solution 
of the problem by synthesis. Samples of each of the possibilities 
are prepared and compared with the unknown. This is the only 
method which can be employed in some cases. This is particularly 
true of the paraffin hydrocarbons which are not readily trans- 
formed into other compounds and have no characteristic re- 
actions. 

The problem of determining the structure thus often becomes a. 
problem of synthesis. Synthetic problems also arise for other- 
reasons. New compounds may be desired in order to test their- 
physiological action, to study some physical or chemical property 
or to test some possible commercial use. 

Synthetic Problems in the Laboratory 

The organic chemist is thus often faced with the problem of pre- 
paring a certain substance in the laboratory. He must first decide 
what method is to be employed. As a preliminary step he usually 
outlines a possible method and then goes to the library to consult; 
the work of other investigators in this same field to see what in- 
formation he can obtain. Very frequently little or nothing has- 
been published on his particular problem and he must try out 
the proposed scheme for the first time himself. We shall out- 
line the general way in which chemists solve such synthetic 
problems. 

Synthesis of a Carbinol. Suppose the study of a compound 
C5H11OH has led us to believe that it is dimethylethylcarbinol 
(CH 3 ) 2 COHC 2 H 5 . How is a sample of this compound to be made 
for purposes of comparison? 

Steps in Solving a Synthetic Problem. The first step is to* 
write the structural formula. The second is to recall the methods 
available for preparing tertiary alcohols. The action of a Grignard. 
reagent on a ketone comes to mind: 

RCOR + R'M gX — > RsCOMgXR' — R 2 COHR'. 

What Grignard reagent, what ketone? A consideration of the 
formula for dimethylethylcarbinol (CH 3 )2COHC 2 H5 soon shows 
that the Grignard reagent could be ethyl magnesium bromide 
C 2 H 5 MgBr, the ketone, acetone CH3COCH3. 
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Even the beginner in organic chemistry is now on familiar 
ground. Ethyl magnesium bromide can be prepared from ethyl 
bromide which in turn is made from ethyl alcohol. Acetone, if 
not available, could be prepared from acetic acid by the catalytic 
process. If we imagine that circumstances force the chemist to 
start with such simple substances as acetic acid, ethyl alcohol, 
and inorganic material, the steps in the synthesis may be repre- 
sented as follows: 

MnO 

CH s COOH — > (CH 3 )2CO 

300 ° 

HX Mg 

CH3CH2OH — >■ CH3CH2X — > CHsCHsMgX . 

ether 

H 2 0 

— > (CH3) 2 CCH 2 CH 3 — ^ (CH 3 ) 2 COHCH 2 CH 3 . 

OMgX 


It often happens that there is more than one possible route to 
the desired goal, but usually one route is shorter and better than 
the others. In the example above we might have elected to treat 
methyl ethyl ketone with methyl magnesium iodide; methyl 
ethyl ketone, however, being a mixed ketone, is less readily 
prepared than acetone. 

Tertiary Alcohols from Esters. In addition to the method 
previously given for preparing tertiary alcohols, it will be well 
to mention another useful method. This consists in treating an 
ester with a Grignard reagent (a ketone is formed as an inter- 
mediate but rarely can be isolated). The method is illustrated 
by the preparation of dimethylethylcarbinol from ethyl propion- 
ate and two moles of methyl magnesium iodide. 


0 


CH 3 C^OC 2 H s + CHsMgl — > CH 3 CH 2 COCH 3 + Mg' 


OC0H5 


/ 

\_ 


O 

II 

CH 3 CH 2 CCH 3 + CHsMgl — > CH3CH2C (OMgl ) (CHs) 2 

|h 2 o 

CHsGHaGGH (CHj) 2 
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Synthesis of a Paraffin. The synthesis of isobutane from the 
common reagents of the laboratory will serve as an illustration 
of the preparation of an entirely different type of substance. 
The final result is indicated below: 

Problem : Prepare (CH 3 ) 2 CHCH 3 . 

MnO 

CHsCOOH — > CH 3 COCH 3 

300 ° 

P + I Mg 

CH 3 OH — > CH 3 I — CHsMgl 

ether 

AI2O3 H‘2 

— >- (CH 3 ) 2 COHCH 3 — >■ (CH 3 ) 2 C = CH 2 — >- (CH 3 ) 2 CHCH 3 . 

200° catalyst 

The student should note the mental process by which, working 
backward step by step, such a synthesis can be evolved. These 
backward steps may be summarized as follows: isobutane is a 
saturated hydrocarbon; saturated hydrocarbons can be made 
by (1) the reduction of unsaturated hydrocarbons and (2) from 
the Grignard reagent and water. Different routes will be travelled 
according to whether the first or second method is chosen. The 
first route has been selected in the example above. The unsatu- 
rated hydrocarbon is best prepared by loss of water from the 
corresponding alcohol, which is either tertiary butyl alcohol 
(CHs^COH, or the primary alcohol (CH 3 ) 2 CHCH 2 OH. Tertiary 
alcohols in turn are made by the action of the Grignard reagent 
on ketones. This problem then resolves itself into the preparation 
of acetone and methyl magnesium iodide. 

Lengthening a Carbon Chain. Among the many problems 
which the organic chemist has to solve in synthetic work is that 
of making compounds having more carbon atoms than the one 
from which he starts. The following diagrams show how this can 
be done when one wants an alcohol or an acid. 

Problem: Synthesize RCH 2 OH from It OH. 

HX Mg HCHO 
ROH — > RX — >- RMgX — >- RCH 2 OMgX 

or ether { 

P + I j H2 ° 

RCH2OH. 


h 2 o 


(CH 3 ) 2 CCH 3 - 
OMsrl 
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Problem: Synthesize an acid RCOOH from an alcohol ROH. 

HX Mg C0 2 

ROH — ^ RX — 5- RMgX — > RCOOMgX — > RCOOH. 

or ether (acidify) 

p 4-1 

Alternative method ( [less satisfactory in some cases). 

HX KCN NaOH HX 

ROH — * RX — > RCN — ^ RCOONa — > RCOOH. 

or 

P + I 

Problem: Synthesize an acid RCH 2 COOH from an acid RCOOH. 

C2H5OH [H] P + 1 

RCOOH — >■ RCOOC2H5 — > RCH 2 OH — RCHJ 

Na+C 2 H 6 OH | Mg 

C 0 2 

RCH 2 COOH -e — RCH 2 MgI. 

Alternative for last two steps , prepare RCH2CN and hydrolyze. 

These syntheses make use of many of the reactions treated 
in the earlier chapters. They are tabulated here for ready refer- 
ence. The student is advised not to attempt to memorize such 
schemes but rather to understand the method of working out 
synthetic* problems backward, step by step. He should have 
at his fingertips a few methods of preparing each type of com- 
pound considered up to this point. 

Limitations of the Reactions. These synthetic methods which 
we have generalized above by the use of the symbol R for an 
alkyl group, are subjected to serious limitations in practice . A 
consideration of these limitations is the province of an advanced 
course in organic chemistry. As an example of such limitations, 
we may mention the fact that certain highly branched ketones, 
such as (CH 3 ) 3 CCOC(CH 3 ) 3 , will not react with the Grignard 
reagent, or react abnormally. In general, the branching of the 
chain near the functional group and the introduction of reactive 
groups (halogen, OH, NH 2 , etc.) modify the reactions greatly. In- 
creasing the length of the chain as a rule has little disturbing in- 
fluence; hence the general methods of synthesis give good results 
in all cases where primary alkyl groups are attached to the re- 
acting group. 

Adding Two Carbon Atoms to the Chain. We have already 
considered methods of lengthening a carbon chain, one atom at a 
time. If we wish to prepare n-hexyl alcohol f rom n-butyl alcohol, 


145 


THE POLYHALOGEN COMPOUNDS 


it would be possible first to synthesize n-amyl alcohol and then 
repeat the steps, using this new alcohol as the starting point. 
A much more convenient method of adding two carbon atoms 
is to treat the Grignard reagent with ethylene oxide. 


CH 2 - CH 2 

V 


The reaction is carried out by passing the gas into the Grignard 
reagent in ether and decomposing the mixture in the usual way: 

CH 2 - CH 2 

EMgX-1- \ / — > RCH 2 CH 2 OMgX 

O 

RCH 2 CH 2 OMgX + HoO — > RCH 2 CH 2 OH, 

Ethylene oxide is a gas at room temperature (b.p. 13°); it is 
discussed in detail on page 173. 

The Synthesis of Organic Compounds from Calcium Carbide 

Calcium carbide is prepared by heating lime and coal in an 
electric furnace. On treatment with water it yields acetylene. 
This reactive hydrocarbon is, therefore, a cheap raw material 
where hydroelectric power is available, and in recent years has 
supplied a large chemical industry. Acetylene is first converted 
into acetaldehyde; from this a host of useful . substances may be 
prepared. Since these transformations represent the synthesis of a 
variety of simple compounds they will be considered in this chapter. 

Acetaldehyde from Acetylene. Acetaldehyde is prepared by 
passing acetylene into a vigorously agitated suspension of mer- 
curic sulfate in dilute sulfuric acid. The temperature of the 
reaction mixture is somewhat above room temperature, and the 
acetaldehyde (b.p. 20°) distills as rapidly as it is formed. By 
suitable condensers and fractionating columns it can be separated 
from the excess of acetylene and obtained very pure. 

An examination of the formulas of acetylene and acetaldehyde 
makes it evident that the formation of one from the other in- 
volves the addition of a molecule of water. There are several 
steps in the actual reaction, and both the acid and the mercuric 
sulfate are catalysts for the process : 

H 

HgSO* / 

CH 53 CH 4* H 2 0 — > CH 5 C = O. 

dil. 

HoSO* 
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Acetic Acid, Acetone, and Acetic Anhydride from Acetylene, 
Acetaldehyde can be oxidized by the air to acetic acid: in this 
way this important raw material is indirectly synthesized from 
calcium carbide. One method of carrying out the oxidation is to 
mix the aldehyde with some acetic acid and suspend certain 
metallic oxides in the solution. When air is blown through this 
mixture, the aldehyde is converted into the acid: 

2CH3CHO + 0 2 — ^ 2CH3COOH. 

If acetic acid vapors are passed over a hot metallic oxide, ace- 
tone is formed (p. 109) : 

MnO 

CH3COOH — > CH3COCH3. 

300° 

If acetylene is passed into acetic acid containing a metallic 
catalyst, a compound, ethylidene cliacetate, CH 3 CH(OCOCH 3 ) 2 , 
is produced. This compound on heating yields acetic anhydride 
and acetaldehyde. The latter is used for the production of 
acetic acid: 


OCOCH3 

CH s CH + 2CH3COOH — > CRsCR 

\>CCCH S 

OCOCHa 

/ heated 

CHaCH — > (CH 3 C 0) 2 0 + CH3CHO. 

OCOCH, 

Production of Ethyl Acetate. Still other products may be 
made from the very reactive substance, acetaldehyde. In the 
presence of aluminum ethylate, Al(OC 2 H 5 )3 (made by the action 
of aluminum amalgam on ethyl alcohol), acetaldehyde undergoes 
a peculiar change in which ethyl acetate is the product: 

Al(OC 2 H*)* 

2CH3CHO — > CH3COOCH2CH3. 

as catalyst 

Ethyl acetate is valuable as a solvent and to some extent is 
manufactured in this way. 
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Synthetic Butanol. By means of the aldol condensation an 
unsaturated aldehyde (crotonaldehyde) can be formed from 
acetaldehyde. Subsequent catalytic reduction of this yields 
synthetic normal butyl alcohol. The reactions are outlined 
below: 

dil. 

CH3CHO + CH3CHO — >- CH 3 CHOHCH 2 CHO 

NaOH I heat with a 

I catalyst 

h 2 

CH s CH 2 CH 2 CH 2 OH -c — CH 3 CH = CHCHO. 


catalyst crotonaldehyde 


It is claimed that butyl alcohol can be prepared as cheaply by 
this series of reactions as by the fermentation process. 

The preparation of ethyl alcohol from calcium carbide by the steps, — 
acetylene, acetaldehyde, ethyl alcohol, is said to have been carried out indus- 
trially in Europe. The catalytic hydrogenation of acetaldehyde presents no 
difficulties; it seems unlikely, however, that this synthetic method will replace 
the fermentation process. 


QUESTIONS AND PROBLEMS 

1. Write structural formulas for: (a) «, /3-dichlorobutane; (b) a'-bromo- 
y-chloro-propane; (c) /3, /3-dichloropropane; (d) a, /3, y-tr ibromopentane , 
1, 2, 4-tribromopentane, 2-methyl-3, 3-dichlorobutane, 1, 5-diiodohexane. 

2. Name the following by two methods : CHCl 2 CH 2 CH 2 Br; CH 2 BrCHCl- 
CH 3 ; CH 3 CHC1 2 ; CH 3 CHClCH 2 Br. 

3. Write equations for the steps involved in the preparation of : (a) chloro- 

I form from ethyl alcohol; (b) iodoform from acetone; (c) chloroform from 

i carbon disulfide. 

4. By what reactions is it possible to prepare the following from ?z~propyl 
alcohol: a, /3-dibromopropane (propylene dibromide); a, a-dibromopropane? 

; 5. What products would you expect to obtain by warming methyl ethyl 

j ketone with sodium hypochlorite solution? By warming acetaldehyde with 

I sodium hypobromite? 

[ 6. By what reactions (or series of reactions) could one decide whether a 

,> certain compound was CHsCHOHCHaCHs; (CHs^CHCHaOH; or CH 3 CH r 

CH 2 CH 2 OH? 

7. Show how it would be possible to determine the structure of an aldehyde 
which had the formula C 4 H 8 0. (Hint : Write all possible formulas first. ) 

8. A compound C 4 H 8 reacts with bromine forming a compound CJIsBr^ 

f Write all possible formulas for the hydrocarbon and suggest methods of deter- 

mining which formula corresponds to the compound at hand. (Assume that 

J the isomeric substances C 4 H 8 are unknown, and the unknown can not be 

j identified, therefore, by means of its physical constants.) 
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9. Write equations for the reactions involved in the preparation of iso- 
propyl alcohol from calcium carbide. 

10. Show the steps involved in the synthesis of: (a) n-amyl alcohol from 
n-butyl alcohol; (b) triethylcarbinol from ethyl alcohol; (c) diethyl ketone 
from ethyl alcohol. 

11. Given acetic acid, methyl and ethyl alcohols, ether, and inorganic 
reagents, show how you might prepare: (a) trimethylcarbinol; (b) ethyl 
propionate; (c) propylene dibromide; (d) dimethyl-ethyl-carbinol. 

12. Outline the steps in the preparation of the following from materials 
which you know are available in your laboratory: (a) (CH 3 ) 2 CBrCH 2 Br; (b) 
(CH 3 CH 2 ) 2 CICH 3 ; (STCHaCHaCH (ChI) 7; Id) (CH S ) 2 CHCHOHCH (CH 3 ) 2 ; 
(e) CH 3 CH 2 CHBrCH 2 CH 3 . 

13. If an industrial plant had as by-products large amounts of carbon 
monoxide, propylene, hydrogen, and ethylene, what alcohols could be prepared 
without purchasing other organic material? What esters? Outline the steps 
in the synthesis of these products and any others which seem to you possible. 

14. The following substances are used in considerable amounts in the 
industries: acetone, ethylene chloride, ethyl acetate, acetic anhydride, ethyl 
chloride, butyl acetate. Outline a scheme for preparing all these compounds 
cheaply at a location where there is hydroelectric power. 

15. Illustrate with equations the steps involved in the following conversions : 
(a) C 2 H 5 CHO to CH 3 CH 2 CH 2 CH CH 3 ; (b) CH 3 COOCH 3 to CH 3 (C 2 H 6 ) 2 COH; 

CH 3 


(c) C 2 H 5 OH to n-C 3 H 7 OH; (d) CH 3 OH to 71-C3H7OH; (e) C 2 H 6 OH 'to 
€H 3 CHOHCH 3 ; (f) C2H5COOH to C 3 H 7 COOH. 

16. A compound A has an empirical formula C 3 H 12 0. With CH 3 MgI it 
liberates 1 mol of methane. On oxidation it loses two hydrogen atoms and 
gives a compound which forms an oxime. When the oxidation product is 
treated with an alkaline solution of iodine there is formed iodoform and 
isobutyric acid. What is the structure of A? 

17. A hydrocarbon (C 5 H 10 ) on hydrogenation gives 2-methyl-butane. 
When treated with cone. H 2 SO 4 and then with water an alcohol is obtained, 
which on oxidation gives a ketone. What is the structure of the original 
hydrocarbon? 

18. A compound was isolated from a reaction; its structure is to be repre- 
sented by C 2 H 5 

CH 3 -C-CHOHCH 3 or (CH 3 ) 3 CCHOHC 2 H 5 . How would you 

CH,/ 


proceed to prove which of these two structures is correct? 


CHAPTER VIII 


DERIVATIVES OF AMMONIA: AMIDES, 
NITRILES, AMINES 

A large portion of the preceding chapters has been devoted to 
compounds which are related to water. Thus, alcohols, ROH, 
may be regarded as alkyl derivatives of water; ethers, ROR, as 
dialkyl derivatives; acids, RC = O(OH), as acyl derivatives and 
acid anhydrides .as diacyl derivatives (RC0) 2 0. We shall now 
consider the corresponding nitrogen compounds w r hich are related 
to ammonia. These are: amines, RNH 2 , R 2 NH, R 3 N and amides, 
RCONH 2 . In these substances, one or more hydrogen atoms of 
ammonia have been replaced by alkyl or acyl groups. We shall 
find the differences between water and ammonia reflected in these 
compounds; the derivatives of water are more acidic, those of 
ammonia more basic. 

Amides 

Preparation of Amides. Of the acyl derivatives of ammonia 
only those containing one acyl group are of importance. They are 
known as the amides, RCONH 2 . The best known is acetamide, 
O 

.. ✓ 

CH 3 C — NH 2 . The following equations represent the typical 
methods of preparing amides as applied to acetamide: 

CH3COCI + 2NH 3 — CH 3 CONH 2 + NH4CI, 

(CH 3 C 0) 2 0 + 2NH 3 — ^ CH3CONH2 + CH 3 COONH 4 , 
CH 3 COOC 2 H 5 + NHs — > CH 8 CONH 2 + C 2 H s OH. 

The first two reactions take place rapidly in most cases; the 
reaction of esters with ammonia is slow. The parallelism between 
the action of ammonia (ammonolysis) and water (hydrolysis) is 
striking. If we substitute water for ammonia in these reactions, 
an acid is formed. 

Amides from Ammonium Salts. Another convenient method of 
preparing amides is to heat the ammonium salt of the correspond- 
ing acid: 

100 °~ 200 ° 

CH3COONH4 CH s CONH 2 + H 2 0 . 
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This reaction is reversible; it proceeds at an appreciable rate 
only at about 100° or higher. If we can remove the water as 
rapidly as it is formed, the reaction will go to completion in 
spite of an unfavorable equilibrium. Since the amides are high- 
boiling and the ammonium salts essentially non-volatile sub- 
stances, this is easy to accomplish by using a suitable apparatus. 

Hydrolysis of Amides. The amides are hydrolyzed by boiling 
a water solution with acid or alkali which catalyzes the reaction. 
If we add one equivalent of sodium hydroxide, the reaction goes 
to completion for the same reason that the saponification of esters 
with alkali is complete (p. 98). With one mole of acid the 
reaction also goes to an end, since the ammonia is removed as 
the ammonium salt. 

The equations for the reactions are given below: 

boil 

RCONH 2 4- NaOH — > RCOONa + NH 3 , 

boil 

RCONH 2 +■ H 2 0 4- H 2 S0 4 — > RCOOH 4- NH 4 HS0 4 . 

Reaction with Nitrous Acid. When treated with nitrous acid, 
amides yield nitrogen and the corresponding acid. This reaction, 
like the hydrolysis of amides, may be used for preparing acids 
from the corresponding amide. Since nitrous acid is known only 
in dilute water solutions which slowly decompose, it is prepared 
by adding hydrochloric acid to an aqueous solution of sodium 
nitrite: 

RCONH 2 4- HONO — ^ RCOOH + N 2 4- H 2 0. 

(NaNOs 4- HC1) 

Physical and Chemical Properties. The simple amides are 
very soluble in water and surprisingly high-melting and high- 
boiling substances, as the following table illustrates: 


Name 

Formula 

Boiling 

Point 

Melting 

Point 

Formamide 

HCONH2 

193° 

+2° 

Acetamide 

CH3CONH2 

222° 

81° 

Propionamide 

CH 3 CH 2 CONH 2 

213° 

79° 

Butyramide 

ch 3 ch 2 ch 2 conh 2 

216° 

116° 


The amides may be regarded as neutral substances. Their 
acidic and basic properties are so w^eak that they are not mani- 
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fested in water solution. This is in contrast to the parent com- 
pound, ammonia, which is a base. The substitution of an acyl 
group for hydrogen has greatly decreased the basic properties 
of the NH 2 group. 

The effect of the acyl group in increasing the acidity of the —OH group is 
apparent from a comparison of acetic acid and water (p. 84) . Similarly one 
might expect that an amide would be a stronger acid than ammonia. Indeed, 
this is the case but even the introduction of one acyl group has not conferred 
sufficient acidity on the amide, RCONH 2 , to make it form soluble salts which 
are stable in water. As far as can be judged by rather approximate methods, 
acetamide and similar compounds are about as acidic as alcohol; on the other 
hand, ammonia is definitely a weaker acid than alcohol. Sodamide, NaNH 2 , 
the sodium salt of ammonia, is decomposed by water and alcohol; the sodium 
derivative of acetamide only by water: 

NaNH 2 + C 2 H 5 OH — NH 3 + C 2 H 5 ONa 
RCONH 2 + C 2 H 6 ONa ^z±: RCONHNa + C 2 H 6 OH. 

We shall see in later chapters that when two acyl groups are substituted for 
the hydrogen atoms of ammonia (p. 206), the resulting compound is distinctly 
more acidic. The amides of the strong sulfonic acids (p. 351) are acidic 
enough to form sodium salts which are only slightly hydrolyzed by water. 

The Hofmann Reaction. The most important reaction of 
amides is known as the Hofmann 1 reaction: the amide is con- 
verted into an alkyl derivative of ammonia, an amine, RNH 2 . 
The mechanism of this extraordinary change is complicated and 
obscure. The first step consists in the replacement of a hydrogen 
atom by a halogen atom; the resulting compound is rapidly 
decomposed by alkali with the elimination of a carbon atom as 
carbon dioxide: 

CH3CONH2 + NaOCl — > CH 3 CONHCl + NaOH, 

CH 3 CONHCI + 3NaOH — > CH 3 NH 2 -f NaCl + Na 2 C0 3 + H 2 0. 

The reaction is carried out by treating an aqueous solution of the 
amide with sodium hypochlorite, or sodium hypobromite and 
sodium hydroxide. On distilling the mixture, the amine, which is 
volatile, distills and is collected. 

It is evident that the Hofmann reaction amounts to clipping 
one carbon atom from the end of a carbon chain. For this 
reason, it has been of importance in preparing simpler compounds 

1 August Wilhelm von Hofmann (1818-1892), for twenty years Professor at the 
Royal College of Chemistry, London. From 1865 until his death, Professor at 
the University of Berlin. 
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from more complicated ones and in determining the structure of 
compounds with long carbon chains. 

With the higher members of the fatty acid series the reaction proceeds a 
little farther and an amide RCH 2 CONH 2 , instead of giving a primary amine, 
RCH 2 NH 2 , yields the corresponding nitrile RCN. However, from the nitrile 
we can readily prepare the acid by, hydrolysis (p. 89) or the amine by reduc- 
tion (p. 155). 

Interconversion of Amides and Nitriles. A nitrile on hydrolysis 
yields an acid (p. 89). The first step in this process is an amide 
and under certain conditions the reaction may be stopped at this 
point. 

boil 

RCN + H 2 0 — > RCONHs. 

HCI 

as catalyst 

The reverse of this reaction is accomplished when amides are 
heated with phosphorus pentoxide. The distillate consists of 
the more volatile nitrile: 

distill 

RCONH2 + P2O5 — > RCN + 2 HP 0 3 . 

metaphosphoric 

acid 

It should be noted that while the hydration (addition of water) 
of nitriles to amides and the dehydration of amides to nitriles is a 
process which can be made to go in either direction depending on 
the reagents employed, it is not a reversible reaction . A reversible 
reaction (as the term is usually employed) is a reaction which, in 
the presence of a suitable catalyst, comes to an equilibrium point 
in a relatively short time. In the case of a reversible reaction 
changing the concentration of reactants and products alters the 
composition of the equilibrium mixture, and in some cases chang- 
ing the temperature shifts the equilibrium. In the case of the 
interconversion of amides and nitriles, while the process may be 
reversed by employing different reagents, no equilibrium is estab- 
lished under the usual laboratory conditions. The hydrolysis 
(hydration) reaction runs to completion. To reverse this reaction 
it is necessary to employ some dehydrating agent such as phos- 
phorus pentoxide which will remove the elements of water from 
the amide by a chemical reaction. This process also goes to com- 
pletion. A comparison of the interconversion of ammonium salts 
and amides on the one hand (a truly reversible reaction) and 
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amides and nitriles on the other (not a reversible reaction at usual 
temperatures) illustrates the significant difference between two 
closely related types of organic reactions. 

Amidines. Just as the hydrolysis of a nitrile produces an amide, so 
the ammonolysis of a nitrile produces a compound known as an amidine, 
NH 

/ 

RC — NH 2 . This ammonolysis can be accomplished by heating a nitrile 
with sodamide, followed by the hydrolysis of the sodium salt of the amidine: 

RC « N + NaNH 2 
NH 

X 

RC - NHNa + H 2 0 

The amidines differ from the amides in being bases which form salts 
with mineral acids which are stable in water. Thus acetamidine hvdrochloride 
is CH 3 C(= NH)NH 2 .HC1. 

The Nitriles 

Since nitriles may be regarded as dehydration products of acyl 
derivatives of ammonia, they may be considered as a class at this 
point. 

Methods of Preparation. The nitriles are usually prepared by 
the interaction of an alkyl halide with sodium or potassium cyanide 
(p.26): 

RX + KCN — > RCN + KX. 

It is worth noting that this reaction is satisfactory only if the alkyl 
halide is one which is derived from a primary or secondary alcohol. 
With highly branched compounds other inorganic cyanides, such 
as cuprous cyanide, are more satisfactory. 

A second method of preparing nitriles starts with the corre- 
sponding aldehyde. This is converted into the oxime, and then 
the latter is dehydrated with acetic anhydride: 

NH 2 OH -H 2 O 

RCHO — > RCH = NOH — > RCN. 

The preparation of nitriles from acids through the amides has just 
been considered. 

Nomenclature. The nitriles are usually named from the acid 
into which they are converted by hydrolysis; thus, acetonitrile is 
CH 3 CN, because on hydrolysis this substance yields acetic acid, 


NH 

■ RC - NHNa, 

NH 

- RC - NH 2 + NaQH. 
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GH3COOH. Similarly, we have propionitrile, CH3CH2CN. 
Another method of naming these compounds is to consider them 
as esters of hydrocyanic acid (HCN). Thus acetonitrile may be 
called methyl cyanide, and propionitrile, ethyl cyanide. 

Physical and Chemical Properties. The lower nitriles are 
colorless liquids boiling somewhat lower than the acids into which 
they can be hydrolyzed. They have neither acidic nor basic prop- 
erties. 


Physical Properties of the Simple Nitriles 


Name 

Formula 

Boiling Point 

Acetonitrile 

CH 3 CN 

81.6° 

Propionitrile 

CH3CH2CN 

98° 

n-Butyronitrile 

CH3CH2CH2CN 

118.5° 

Isobutyronitrile 

(CH 3 ) 2 CHCN 

107° 


The triple linkage between carbon and nitrogen is characteristic 
of a nitrile. It represents an unsaturation somewhat similar to 
that which occurs in acetylene, and we should expect that the 
nitriles would combine with two or four atoms or groups. Of 
course, the reagents which add to a carbon-nitrogen triple bond 
are often quite different from those which add to a carbon-carbon 
triple bond. Some of the addition reactions of nitriles have 
already been mentioned, and these, together with some new reac- 
tions, are listed below: 

1. Hydrolysis: 

RON -f H 2 O — > RCONH 2 (which can be further hydrolyzed to an acid). 


2. Alcoholysis : 


RCN + CH 3 OH + HC1 — RC = NH.HC1. 

an imido ester 
hydrochloride 

3. Ammonolysis : 

(NaNH 2 ) 

RCN + NH 3 — > RC ( = NH)NH 2 . 

(liquid) an amidine 

4. Grignard Reaction: 

R R 

\ H 2 0 \ 

RCN + R'MgX — >■ C = NMgX — >- C = O. 

r/ R / 


#■' 
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5. Reduction: 

RCN + 4[H] — > RCH s NH 2 . 

a primary amine 

6. Conversion to Aldehydes: 

SnCl ‘2 Hydrolysis 

RCN + 2[H] — RCH = NH — > RCHO + NH 3 
HC1 

(Only this particular reducing agent is employed) 

Since the nitrile RCN can be easily made in two steps from the 
alcohol ROH it will be evident that these reactions give us a 
method of preparing a number of compounds from a given alcohol. 

Isonitriles. A class of compounds isomeric with the nitriles are the iso- 
nitriles. In these compounds the alkyl group is attached to the nitrogen atom 
instead of the carbon atom. They are formed together with the nitriles by 
the interaction of an alkyl halide and a metallic cyanide. If silver cyanide is 
used the main product is an isonitrile: 

RI + AgCN — ^ RNC -f Agl. 

The isonitriles are also known as the carbylamines or the alkyl isocyanides. 
The lower members of the series are liquids insoluble in water and with boiling 
points somewhat lower than the isomeric nitriles. They have a peculiarly 
bad odor. 

On hydrolysis the isonitriles yield a primary amine (see below) and formic 
acid. The carbon atom has the ability to combine with other atoms as illus- 
trated by the reaction of an isocyanide with sulfur or silver oxide. 

RNC + S — > RNCS 

120° an iso- 
thiocyanate 

RNC + Ag 2 0 — > RNCO + 2Ag 

an isocyanate 

The structure of the isonitrile group is considered later in this chapter 

(p. 168). 

Amines 

Nomenclature. The amines are the alkyl derivatives of 
ammonia. They may be divided into the following classes: 

(1) a primary amine, RNH 2 , e.g ., CH 3 NH 2 methyl amine, 

(2) a secondary amine, R 2 NH, e.g,, (CHs^NH dimethyl amine, 

(3) a tertiary amine, R 3 N, e.g., (CH 3 ) 3 N trimethyl amine. 

The usual method of naming amines is illustrated by the above 
examples. In more complicated amines, the position of the group 
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may be indicated and the name of the parent hydrocarbon given. 
Thus, (CH 3 ) 2 CHCHNH 2 CH 3 is 2-amino-3-methylbutane. It 
should be noted that the group NH 2 is called amino when present 
in an amine and amido when present in an amide . 

General Properties of Amines. The simpler amines resemble 
ammonia. They are soluble in water and the solutions are basic. 
On boiling the solution the volatile amines are expelled. The 
boiling points of some of the simpler amines are given below. 


Boiling Points of Simple Amines 


Name 

Formula 

Boiling 

Point 

Class 

Methyl amine 

CH 3 NH 2 

- 7° 

Primary amine 

Dimethyl amine 

(CH 3 ) 2 NH 

+ 7° 

Secondary amine 

Trimethyl amine 

(CH 3 ) s N 

+ 4° 

Tertiary amine 

Ethyl amine 

CoH 5 NH 2 

4-17° 

Primary amine 

n-Propyl amine 

ch 3 ch 2 ch 2 nh 2 

+49° 

Primary amine 


Neutralization of Amines. All three classes of amines are 
bases like ammonia. The water solutions turn red litmus blue 
and may be neutralized with acids. The salts which are thus 
formed are obtained as white solids by evaporating the solution. 
Like inorganic salts they are non-volatile solids, readily soluble 
in water and insoluble in organic solvents. Their water solutions 
are ionized. All these facts are best represented by the following 
ionic equations, using trimethylamine as the example: 

(CHs)«N + H 2 0 .^=±: (CH 3 ) 3 NH + + OH", 

(CH 3 ) 3 NH + + OH"* + H + + Cl" — >■ (CHs)*NH+ + C V + H 2 0. 

Similar equations may be written for the primary and secondary 
amines. The chlorides may .also be formed by bringing together 
the base and acid in an anhydrous medium: 

(CH 3 ) 3 N +HC 1 — ^ (CH 3 ) 3 NHCL 

The salts of the amines are alkyl derivatives of the ammonium 
salts and are usually named on this basis, thus: CH3NH3CI, 
methylammonium chloride; (CH 3 ) 2 NH 2 Br, dimethylammonium 
bromide; (CH 3 ) 3 NHN 0 3 , trimethylammonium nitrate. The for- 
mulas of the salts are also written to show more clearly the original 
amine and are named as hydrochlorides, thus: 

CH 3 NH 2 .HCI, methyl amine hydrochloride. 
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This method corresponds to an obsolete method of writing 
ammonium salts, thus: NH 3 .HC1, the hydrochloride of ammonia. 

Like ammonia, the amines form double salts with platinum chloride and 
gold chloride; for example, (CH 3 NH 3 ) 2 PtCl 6 and CH3NH3AUCI4. These 
salts are usually sparingly soluble in water, and are frequently used in isolating 
and identifying the amines. Their melting points are often characteristic, and 
a determination of the percentage of metal in the compound enables one to 
calculate the molecular weight of the amine. 

Preparation of Amines from Their Salts. On treating a solu- 
tion of the salt of an amine with sodium hydroxide, the free 
amine is formed in the solution. If the solution is then boiled, 
the amine will be expelled, if volatile; if the solution is extracted 
with ether, the amine will pass into the ether layer: 

(CH 3 ) 3 NHC1 + NaOH — (CH 3 ) 3 NHOH + NaCl 
(CH 3 ) 3 NHOH (CH 3 ) 3 N ~f H 2 0. 

distill or extract 


This behavior of the salts of the amines is exactly parallel to the 
reaction of ammonium salts. It shows that the amines like 
ammonia are weak anhydro bases. Thus, to obtain weak bases 
from their salts, we treat a solution of the salt with a strong 
base, and boil or extract; if the weak base is insoluble (as is the 
case with the higher amines), it will precipitate. This general 
method should be compared with the preparation of weak acids 
from their salts by the action of a strong non-volatile acid (p. 82). 

Basic Dissociation Constants. The relative strength of weak 
bases may be best expressed in terms of a basic dissociation con- 
stant. This is similar to the acid dissociation constant which 
we have already mentioned (p. 83). All the weak organic bases 
belong to the class of substances which are called anhydro bases. 
A water solution of such a base contains the anhydro base itself 
(e.g., RNH 2 ), any undissociated hydrated base (RNH3OH) and 
the dissociated base (RNH 3 + + OH"). In measuring the strength 
of an anhydro base we lump together both the unhydrated base, 
RNH 2? and the undissociated base, RNH3OH, and call this total 
the free base. A measure of the strength of the base is thus the 
amount of dissociated base (RNH 3 + + OH") compared to the 
total free base (RNH3OH + RNH 2 ). Therefore, we write: 


Basic Dissociation Constant (Kb) 

= Cone. OH" X 


/ cone, of ion (RNH»+) N # 
V cone, free base / 
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Name of Base 


Sodium Hydroxide 
RtNOH 
Guanidine 


Dimethyl Amine „ 
Methyl Amine ” 


Trimeihyl Amine__ 
Ammonia 


Pyridine 

Aniline 


Urea 


K B 


A solution containing equal molecular amounts of a weak anhydro 
base and its salt has a concentration of hydroxyl ion equal to the 
basic dissociation constant. The constant, K B , for ammonia is 

2 X 10“ 5 and the hydroxyl ion 
concentration of an ammonium 
hydroxide — ammonium chloride 
mixture is about 10~ 5 ; since 
cone. H + X cone. OH” = 10"" 14 , 
the cone, of hydrogen ion in this 
solution is about 10~ 9 . 

The basic dissociation con- 
stants for some of the common 
amines are as follows: 

Methyl amine, Kb = 5 X 10"~ 4 , 


Too Strong to 
Measure 


74 X 10 . -* 
5 X 10- * 

ex io “ 5 

2X 10 “ S 


2XJL0~* 
8.5 X 10 m 


Dimethyl amine, Its = 5.4 X 10“ 4 , 
Trimethyl amine, Kb = 5.9 X 10~ 5 . 

It is evident that they are 
somewhat stronger bases than 
ammonia itself. The relative 
strengths of certain bases are 
shown in the diagram in Fig. 20. 

Preparation of Primary Amines. 
Special methods are employed for 
preparing a number of the dif- 
ferent amines; we shall consider 
only the general methods of preparing primary amines. These are 
as follows: 


1.5X10-** 


Fig. 20. The relative strengths of 
certain bases. The strongest bases are 
at the top; each unit of the scale corre- 
sponds to a ten-fold change in the basic 
dissociation constant. 


(1) Reduction of a Nitrile (p. 155). 

(2) Hofmann Reaction (p. 151). 

(3) Phthalimide Synthesis . (This will be discussed when 
phthalimide is considered in Chap. XXIII.) 

(4) Reduction of Oximes: 

R 2 C = NOH + 4[H] — > R 2 CHNH 2 + H 2 0. 

(5) Reduction of Nitro Compounds: 

CH 3 N0 2 + 6[H] — > CH 3 NH 2 -f 2H*0. 

This last method is of little importance for the preparation of the 
type of amine we are here considering, but of great importance in 
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aromatic chemistry where the nitro compounds are easily ob- 
tained. 

Preparation of Nitro Compounds. Compounds with the general formula 
CJWiNOa result from the action of alkyl halides on silver nitrite. At the 
same time some nitrite C«H 2n+ iONO is also formed; the latter is an ester of 
nitrous acid (p. 30) ; the former is not. 

C 2 H 6 I + AgONO — > C 2 H*ONO + C 2 H fi N0 2 . 

ethylnitrite nitro ethane 

The nitro compounds can not be hydrolyzed to nitrous acid whereas such 
hydrolysis is the typical reaction of the nitrites. The fact that the nitro 
compounds are reduced to amines proves that the alkyl group is linked directly 
to the nitrogen atom. Nitromethane, CH 3 N0 2 , boils at 101°; nitroethane, 
C 2 H5N0 2 , at 114°; the isomeric nitrites boil at —12° and 17° respectively; the 
difference is striking. 

Preparation of Amines from Ammonia. By heating ammonia 
with an alkyl halide, there is first formed the salt of a primary 
amine. This is because the alkyl halide combines with the 
ammonia. Unfortunately, the reaction does not stop here but 
forms secondary and tertiary amines and substances known as 
quaternary ammonium salts also. Methods have been devised 
for separating this unpromising mixture, and a number of amines 
have been prepared by this procedure, but generally it is unsatis- 
factory. 

C 2 H 5 Br-fNH 3 — ^ C 2 H 5 NH 3 Br 

C 2 H 5 NH 3 Br + NH 3 ^=±= C 2 H 6 NH 2 + NH 4 Br. 

C 2 H 5 NH 2 + C 2 H 6 Br — (C 2 H 5 ) 2 NH 2 Br 

(C 2 H 5 ) 2 NH 2 Br + NH S ^±: (C 2 H fi ) 2 NH + NH 4 Br. 

(C 2 H 5 ) 2 NH 4- C 2 H 5 Br — >• (C 2 H 6 ) 3 NHBr 
(C 2 H 6 ) 3 NHBr + NH 3 (C 2 H 5 ) s N + NH 4 Br. 

(C 2 H 5 ) s N + C 2 H 5 Br — ^ (C 2 H 5 ) 4 NBr. 

tetraethylammonium 

t bromide 

(a quaternary ammonium 
salt) 

Preparation of Methyl Amines from Formaldehyde. By heating formalde- 
hyde solution with a large excess of ammonium chloride, methylamine hydro- 
chloride is formed: 

2HCHO + NH 4 C1 — > CH 3 NH 2 .HC1 + HCOOH. 

The amine hydrochloride is separated from the excess ammonium chloride by 
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virtue of the fact that it is soluble in absolute alcohol while ammonium chloride 
is not. 

When trioxymethylene (a solid) and solid ammonium chloride are mixed 
and heated together for some time, the mass liquefies and carbon dioxide is 
liberated. The product is largely trimethylamine hydrochloride: 

3(HCHO) 3 + 2NH4CI — ^ 2(CH 3 ) 3 N.HC1 + 3C0 2 + 3H 2 0. 

Since the initial materials are so cheap, monomethyl amine and trimethyl 
amine are readily prepared by these reactions. 

Reactions of Amines with Nitrous Acid. Primary, secondary, 
and tertiary amines can be distinguished by their behavior towards 
nitrous acid. Primary amines react rapidly with an aqueous 
solution of nitrous acid, liberating nitrogen and forming the corre- 
sponding alcohol. The reaction may be illustrated with methyl- 
amine and nitrous acid : 

CH 3 NH 2 + HONO — > CH 3 OH + N 2 + H 2 0. 

Secondary amines react slowly with nitrous acid forming nitroso 
compounds which often separate from the solution as an oil: 

warm 

(CHa) 2 NH + HONO — > (CH 3 ) 2 NNO + H 2 0. 

nitroso dimethyl amine 

Tertiary amines form the corresponding salt (a tertiary amine 
nitrite) when treated with nitrous acid but undergo no further 
change; the amine may be recovered from the nitrite in the usual 
manner by adding alkali. 

The reaction between a primary amine and nitrous acid provides a method 
of replacing the amino group by hydroxyl. Since the primary amine may be 
prepared from the corresponding amide, this presents an attractive scheme for 
converting the acid RCOOH into the alcohol ROH. This series of reactions 
is sometimes called “ coming down the series.” 

NH 3 NaOCl HN0 2 

RCOOH — RCONH 2 — > RNH 2 — > ROH. 

A somewhat similar series of reactions would seem to provide a method of 
a going up the series 

P + 1 KCN [H] HN0 2 

ROH — RI — > RCN — RCH 2 NH 2 — > RCH 2 OH. 

The difficulty with both these schemes lies in the fact that the reaction between 
nitrous acid and a primary amine often takes an abnormal course when there 
are more than two carbon atoms in the molecule. For example, n-propyl 
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amine when treated with nitrous acid yields a mixture of n-propyl alcohol and 
isopropyl alcohol. 

CH 3 CH 2 CH 2 OH 

CH 3 CH 2 CH 2 NH 2 + HN0 2 ^ 

CH 3 CHOHCH 3 

The formation of isopropyl alcohol is most unexpected and involves a molecular 
rearrangement In certain cases the product may be entirely that resulting 
from a molecular rearrangement. 

This abnormality of the reaction between nitrous acid and amines makes 
the use of this reaction very unreliable either in increasing or decreasing the 
number of carbon atoms in a chain. 

Acylation of Amines. The primary and secondary amines (but 
not the tertiary) can be acylated by interaction with an acid 
chloride or an acid anhydride. The products are alkylated 
amides; on hydrolysis, the original amine is regenerated. The 
following equations illustrate these reactions: 

CH 3 NH 2 4- CHsCOCl — > CH 3 CONHCH 3 + HC1, 

methylacetamide 

(CH 3 ) 2 NH + CHsCOCl — > CH 3 CON(CH 3 ) 2 + HC1, 

dimethyl acetamide 

RNH 2 + (R'C0) 2 0 — > R'CONHR + R'COOH, 

RoNH + (R'C0) 2 0 — > E/CONR 2 + R'COOH. 

Tests for Amines and Amides. Amides are distinguished from 
amines by their inability to form salts with acids (in water solu- 
tion) and by the formation of ammonia on alkaline hydrolysis. 
The amines can not be hydrolyzed with either acids or bases. 
Both amides and primary amines liberate nitrogen when treated 
with nitrous acid but the products are different; the former yields 
an acid, the latter an alcohol. 

There are a number of tests to enable one to distinguish between 
a primary, a secondary, and a tertiary amine. The difference 
in behavior with nitrous acid is often used; if nitrogen is evolved 
a primary amine is present (it having been first proved that the 
compound is not an amide). Another characteristic reaction of 
primary amines is the peculiarly offensive odor produced when 
they are warmed with chloroform and potassium hydroxide. This 
is due to the formation of an isonitrile (p. 155). 

RNH 2 + CHCI 3 + 3KOH — > RNC + 3KC1 + 3H 2 0. 

isonitrile 
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Secondary and tertiary amines may be distinguished the one from 
the other by (a) the nitrous acid reaction mentioned above (p. 
160) and (b) the fact that secondary amines but not tertiary 
amines may be acylated. A method of separating primary, 
secondary, and tertiary amines will be considered in a later chapter 
(p. 350). 


Quaternary Ammonium Compounds 

We have seen that (p. 159) when a tertiary amine is heated with 
an alkyl halide the two combine, forming a substance known as a 
quaternary ammonium salt : 

R 3 N + RX — >- R 4 NX. 

For example, trimethyl amine, (CH 3 ) 3 N, when heated with methyl 
iodide yields tetramethylammonium iodide, a quaternary am- 
monium salt. 

Physical and Chemical Properties. Quaternary ammonium 
salts resemble the salts of amines in their physical properties, 
being crystalline solids soluble in water. They differ very 
markedly, however, in their chemical behavior. The salts of the 
amines when treated with a strong base like sodium hydroxide 
are decomposed forming the free amine. The quaternary ammo- 
nium salts do not react with sodium hydroxide in aqueous solu- 
tion. The reason for this becomes evident when one examines 
the product of the reaction of silver hydroxide on a quaternary 
ammonium iodide. In this case a reaction does take place because 
silver iodide is insoluble in water: 

(CH 3 ) 4 NI + AgOH — > (CH 3 ) 4 NOH + AgL 

insoluble 

If the silver iodide is filtered off, the resulting aqueous solution is 
found to be strongly alkaline; on evaporation at low temperature a 
crystalline solid is obtained which has the composition corre- 
sponding to (CH 3 ) 4 NOH. 5H 2 0. This substance (which is very 
deliquescent) is a strong base comparable with potassium or 
sodium hydroxide. It will absorb carbon dioxide from the air, 
forming a carbonate. An examination of the properties of the 
aqueous solution of this strong base shows that it is a solution of 
the hydroxyl ion and the quaternary ammonium ion, (CH 3 ) 4 N + . 
When neutralized with an acid, the quaternary ammonium base 
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forms the corresponding salt. In this way the iodide may 
be regenerated by neutralizing the solution with hydrogen 
iodide. 

(CH 3 ) 4 NOH + HI — 5* (CH 3 ) 4 NI + H 2 0. 

i 

Polar and Non-Polar Valences. When we write the structure 
of tetramethylammonium iodide as (CH 3 ) 4 NI, it is somewhat 
misleading, since one might be inclined to think that the iodine 
atom was attached to the nitrogen in much the same manner as 
the alkyl groups. As a matter of fact, the behavior of the salt in 
water solution and its properties as a solid have shown beyond 
doubt that the compound is really composed of the two ions 
(CH 3 ) 4 N + and I". This is the case not only in water solution but 
also in the crystalline solid. It will be recalled that modern 
research has shown that the same thing is true of all the salts of 
strong inorganic acids and bases; for example, sodium iodide is 
really Na + and I“. 

It is convenient to distinguish between the forces which hold the 
methyl groups to the nitrogen in the quaternary ammonium ion 
and the electrical forces which unite together the ions of opposite 
charge in the solid. The former are called non-polar valences , the 
latter polar valences . A large portion of inorganic chemistry is 
concerned with salts, and hence with polar valences. Organic 
chemistry, on the contrary, deals primarily with the non-polar 
type of valence; it is such valence forces which hold the carbon, 
hydrogen, and oxygen atoms together in ethyl alcohol, for example. 
They are also involved in the union of all the atoms composing the 
complex ion (CH 3 ) 4 N + . Although there are transitional cases 
where it is difficult to be certain whether the valence in question 
is to be considered as polar or non-polar, the student will find it 
very useful to have clearly in mind the distinctions between these 
two types of valence. 

The Electron Theory of Valence. Modern physics has pro- 
vided the chemist with a very satisfactory explanation of the 
distinctions between polar and non-polar compounds, and enabled 
him to correlate the occurrence of each class of compound with the 
kind of atoms which are present in the molecule. The essential 
facts involved in this development are usually presented in an 
elementary course in inorganic chemistry, and can be referred to 
but briefly here. 
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It will be recalled that the number of electrons outside the 
nucleus in a neutral atom correspond to the atomic number of the 
element, and that a certain number of these are in the inner 
shells. In the case of the elements of the first row of the periodic 
system, the inner shell contains two electrons; these are not 
available for the formation of chemical compounds. The elec- 
trons which are in the outer shell can be used in compound for- 
mation and are known as valence electrons. Their number is two 
less than the atomic number, in the case of elements in the first 
row of the periodic table. For carbon the number of valence 
electrons is 4, for nitrogen 5, for oxygen 6, and for fluorine 7. 
Similarly in the second row of the periodic table the number of 
outer electrons is 10 less than the atomic number. Thus the 
available electrons in sulfur are 6 and in chlorine 7. In general 
the halogen atoms have 7 valence electrons. Hydrogen has one 
electron, and this is available. In the formation of a polar com- 
pound the electron is transferred from the one atom to another; 
the atom which gives it up acquires a positive charge and the 
atom which accepts it becomes negatively charged. Electron 
transfer takes place in such a way as to complete a group of 
eight (octet) in one of ‘the elements. Polar valence is the result of 
a definite electronic transfer from one atom to another . Thus, in 
sodium iodide we are really dealing with an aggregate of positive 
sodium ions and negative iodine ions. 

The nature of non-polar valence is more obscure, and it is 
impossible to give the present physical conception of it without 
going very deeply into the subject of atomic physics. However, 
some useful pictures can be obtained by considering the subject 
qualitatively. Non-polar valence is the result of the sharing of 
two or more electrons between two atoms and this sharing results 
in a chemical union. The simplest example of this is the hydro- 
gen molecule. If we represent the electrons by dots and a shared 
pair of electrons by : the hydrogen molecule will be written 
H : H. This same sharing of electrons is involved in nearly all 
the valence forces with which the organic chemist is concerned. 
Thus in electronic terms the structure of methyl alcohol is 

H 

H : C : O :H 

H 
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* It is evident that the organic chemist uses a dash to represent a 
pair of shared electrons which would be represented in electronic 
terms by two dots. There is no advantage in most cases in 
writing electronic formulas for organic compounds since it would 
merely be the replacing of the valence bond by two dots. In the 
case of the double bonds between carbon atoms, four electrons 
seem to be held in common; the electronic formula for formalde- 
hyde is: 

H 

C : : 0 

H 

It will be noted that in these formulas the carbon and oxygen 
atoms all have a complete octet of electrons although this is 
accomplished by the economical process of sharing two electrons 
between two atoms. 

Electronic Formulas for Nitrogen Compounds. In most com- 
pounds containing carbon, hydrogen, and oxygen, very little is to 
be gained by writing electronic formulas. When we turn to 
nitrogen, however, we meet with a different situation. The 
nitrogen atom has five valence electrons and the maximum 
number that can be in the outer shell is eight. In ammonia 
three of these are used in pairing with the electrons of three 
separate hydrogen atoms. This leaves in ammonia an unshared 
pair of electrons: 

H 

H :N: 

H 

The basic properties of ammonia are due to this unshared pair 
which can attract and hold a hydrogen ion (often called a proton). 
The resulting product has a positive charge and is an ion because 
the total number of valence electrons is one less than the number 
belonging to each of the component atoms (8 as compared with 
3 + 1 + 5). The essential reaction which is involved in the 
neutralization of ammonia by hydrochloric acid may be repre- 
sented as follows: 


H 


H ~| + 
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In a similar way, in trimethyl amine three of the five electrons 
of the nitrogen atom are involved in forming pairs with three 
electrons from three different methyl groups. Here again an 
unshared pair of electrons is left on the nitrogen atom and, like 
ammonia, trimethyl amine is a base. 

The unshared pair of electrons in trimethyl amine can not only 
combine with a proton, but it can also combine with another 
methyl group. This occurs slowly when the compound is heated 
with methyl iodide and the resulting product is the quaternary 
salt, tetramethylammonium iodide. All the nitrogen valence 
electrons are used in forming electron pairs. In this process the 
iodine atom has gained one electron, making a total of eight, and 
thus acquired a negative charge (since it has one more electron 
than in the neutral atom). The electron which the iodine atom 
has gained has been lost from the nitrogen, thus giving a positive 
charge of one unit to the whole ion : 


CH 3 

H 3 C :N : + CH S I- 
CHs 


CH 3 

H 3 C : N : CH ; 
CH S J 


It will be noted that of the eight electrons surrounding the nitro- 
gen atom in the positive ion, four may be regarded as being 
contributed by the four carbon atoms and four from the nitrogen. 
This latter number is one less than the number of electrons associ- 
ated -with this normal nitrogen atom, and it is the loss of this elec- 
tron which gives the positive charge to the ion. 

We are now ready to consider the distinction between the 
tetramethylammonium ion (CH 3 )4N + and the trimethylammo- 
nium ion (GH 3 ) 3 NH + . The latter is the substance which is 
formed by the addition of a proton to trimethyl amine when the 
amine is neutralized with an acid. The gain and loss of a proton 
from a nitrogen atom is a process which is instantaneous and 
reversible. Therefore, when we treat the trimethylammonium 
ion with a strong base, that is with a high concentration of hydroxyl 
ions, the hydroxyl ion takes away the proton forming water; 

(CHs)sNH+ + OH” — (CH 3 ) 3 N + H 2 0. 

The same thing can not happen when the tetramethylammonium 
ion is treated with potassium hydroxide, because there is no 
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proton on the nitrogen. The pair of electrons holding the methyl 
group to the nitrogen does not break under these conditions. 
The fundamental reason for the different behavior of the proton 
and the methyl group is to be found by a physical study of atomic 
structure. For our purpose we must take it as a definite fact that 
the linkage of a proton to nitrogen is one which is rapidly formed 
or broken. 

The water solution of tetramethylammonium hydroxide is 
nothing but an aggregate of hydroxyl ions and tetramethyl- 
ammonium ions. Like potassium hydroxide, it has a high con- 
centration of hydroxyl ions, and is therefore a strong base. 

Decomposition of Quaternary Bases on Heating. Although 
the pair of electrons holding the methyl group to nitrogen is not 
broken in aqueous solution, it can be broken if the molecule is 
heated. Thus tetramethylammonium hydroxide decomposes on 
heating to give trimethyl amine and methyl alcohol. The 
hydroxyl ion combines with a methyl group and forms methyl 
alcohol: 

heated 

(CH 3 ) 4 NOH — > (CH 3 ) 3 N + ch 3 oh. 

In the case of the quaternary ammonium bases which have higher 
alkyl groups the reaction proceeds somewhat differently. Here 
heating the compound usually results in the formation of a mole- 
cule of water, an unsaturated compound, and a tertiary amine: 

(C 2 H 5 ) 4 NOH — > (C 2 H 5 ) 3 N + C2H4 + HaO. 

This decomposition of quaternary ammonium bases is sometimes 
useful in determining the structure of complex amines (p. 514), 
as it gives a method of eliminating the more complex group from 
the molecule in the form of an unsaturated hydrocarbon. 

The Amine Oxides. When a tertiary amine is treated with 
hydrogen peroxide a very interesting substance known as an 
amine oxide is formed: 

(CH 3 ) 3 N + H 2 0 2 — > (CH 3 ) 3 NO + h 2 o. 

The amine oxides crystallize as hydrates, for example (CH 3 ) 3 NO.- 
2H 2 0 (m.p. 98°). If we regard the nitrogen atom as having a 
valence of five, w r e would be inclined to write the structure of an 
amine oxide as (CH 3 ) 3 N = 0. The electronic formula equivalent 
to this would contain a nitrogen atom having ten electrons in the 
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outer shell, :N : :0 . All four electrons of a double bond are 

involved in the outer shell of each of the two connected atoms. 
Now a variety of considerations have convinced physicists that 
nitrogen can not have more than eight valence electrons in the 
outer shell. This excludes the formula of an amine oxide, which 
contains a double linkage; in place of this we must write the 
following: 

R 

R :N :0 : 

R 

It will be noted that the nitrogen atom in this compound can be 
thought of as having one less electron than it normally carries, 
and the oxygen one more. There is thus internally an excess of 
electrons in one portion of the molecule and a deficiency in another. 
To emphasize this fact the formula is sometimes written as follows: 

4. _ 

(CH 3 ) 3 N — O. This is one case where the electronic formulas 
lead to a different result from formulas which would be written in 
terms of the simple valence theory. 

Structure of Isonitriles. The isonitriles (p. 155) as methyl isocyanide, 
CH 3 NC, are somewhat similar in their structure to the amine oxides. The 
electronic formula for methyl isocyanide is : 

H 

H : C : N • : C : 

H 

It will be noted that in this formula there are only three “bonds” 
joining the nitrogen and carbon (three pairs of electrons or a total of six), but 
that the nitrogen atom has one less electron than it usually carries and the 
carbon one more; therefore there is a difference in charge inside the molecule 
as in the case of the amine oxides. This may be represented by the + and — 
signs in the following formula : RN ss C. 

Basic Properties of Oxygen and of Sulfur. If we write the 
electronic formula of dimethyl ether it is evident that the oxygen 
atom contains two unshared pairs of electrons: 

H 3 C : O : CH S . 
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It might be expected that one or both of these pairs could add a 
proton just as the unshared pair in trimethyl amine adds a proton. 
We might thus predict that ethers would have basic properties. 
As a matter of fact, they do. but the tendency of the proton to 
stay attached to the oxygen is very much less than the tendency 
of the proton to stay attached to the nitrogen. The salts of an 
ether are therefore decomposed in water solution; if we treat an 
ether with concentrated hydrochloric acid, however, the ether 
dissolves in large quantities. A salt is formed of which the positive 
ion probably has the formula 


H 

R : 6 : R 


The same thing is probably true of some other oxygen compounds. 
In certain cyclic compounds containing oxygen, the basic proper- 
ties of oxygen are very pronounced, and in these cases the salts are 
stable in water solution. A consideration of these compounds 
will be postponed, however, until Chap. XXVIII. 

Like oxygen, the normal sulfur atom contains six valence 

electrons, and the sulfur analog of an ether R : S : R might be 

expected to have basic properties. The attraction for a proton 
is very weak, however, and like the oxygen compound, the sub- 
stances show no basic properties in aqueous solution. 

Amines and Quaternary Bases of Biochemical Interest. Methyl 
amine, dimethyl amine and trimethyl amine are found in small 
quantities in nature. They are formed during bacterial decom- 
position of the proteins and other complex nitrogenous com- 
pounds. Trimethyl amine occurs in herring-brine and in the 
residues from the manufacture of beet-sugar. 

Two diamines (i.a., compounds with two amino groups) are 
formed in considerable quantities when proteins putrefy. They 
areputrescine (tetramethylene diamine) , NH 2 CH 2 CH 2 CH 2 CH 2 NH 2 
(b.p. 158°), and cadaverine (pentamethylene diamine), NH 2 CH 2 ~ 
CH 2 CH 2 CH 2 CH 2 NH 2 (b.p. 178°). They have a disagreeable 
odor and are poisonous. A tetramine, spermine, has been iso- 
lated from human sperm and its structure established as 
NH 2 (CH2)3NH(CH 2 )4NH(CH2)3NH2. It will be noted that it 
may be regarded as putrescine with the group NH 2 CH 2 CH 2 CH 2 . 
substituted on a nitrogen at each end of the chain. 
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Choline. A quaternary ammonium base, 0-hydroxyethyl- 
trimethyl-ammonium hydroxide, CH 2 OHCH 2 N (CHs^OH occurs 
widely distributed in nature usually combined with an organic ester 
of phosphoric acid. Lecithin whose structure will be considered 
in the next chapter is an example of such a compound. In the 
body choline is set free from the lecithin of the foodstuffs and its 
presence seems to be essential to the proper utilization of fats by 
the animal body. 

Acetyl Choline, CHsCOOCHoC^N^Hs^OH is a substance 
with a very powerful physiological action (100,000 times more 
powerful than choline itself). When injected into the blood 
stream it causes a fall of the blood pressure. It has a powerful 
contractile effect on muscle tissue even in minute quantities. In 
certain cases, the animal body appears to utilize this action of 
acetyl choline in transmitting a nerve impulse to a muscle. Acetyl 
choline is liberated at the nerve endings when the nerve is stimu- 
lated. 


QUESTIONS AND PROBLEMS 

1. Write structural formulas for: propionamide, dipropyl amine, dimethyl- 
ethyl amine, tetraethylammonium chloride, trimethylethylammonium iodide, 
isobutyramide, isopropyl amine. 

2. Compare the physical and chemical properties of ammonia, methyl 
amine, and acetamide. 

3. Outline a convenient process for separating pure trimethylammonium 
chloride from a mixture with sodium chloride and tetramethylammonium 
chloride. 

4. How may primary amines be prepared from: (a) acids; (b) alcohols? 
Illustrate by outlining the steps in the synthesis of n-butyl amine from n-buty- 
ric acid and n-propyl alcohol. 

5. Outline the steps in the synthesis of: (a) ethyl amine from methyl alco- 
hol; (b) propyl amine from butyric acid. 

6. Write equations showing several methods of preparing amides. 

7. Trimethyl amine is heated with methyl iodide in an alcoholic solution. 
What product is formed? How does it differ from the compound which would 
result if dimethyl amine were used in place of the trimethyl amine? 

8. Outline a convenient method of preparing: (a) methylammonium 
bromide (as pure as possible); (b) trimethyl amine; (c) isopropyl amine from 
acetone. 

9. What products would you expect to obtain on heating: trimethylam- 
monium hydroxide; dimethylpropylammonium hydroxide; a mixture of 
phosphorus pentoxide and propionamide; a solution of triethylammonium 
chloride in sodium hydroxide? 
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10. Explain clearly the following terms : polar valence, electron pair, valence 
electrons, non-polar valence. 

11. By what methods would you distinguish between aqueous solutions of 
acetamide, methyl amine hydrochloride, trimethyl amine hydrochloride, 
tetramethylammonium chloride? 


CHAPTER IX 

POLYHYDRIC ALCOHOLS, FATS AND OILS 

In previous chapters we have seen that many classes of organic 
compounds are characterized by having a certain reactive group in 
the molecule. Such reactive groups as the hydroxyl group of 
alcohols, the carboxyl group of acids, and the carbonyl group of 
aldehydes and ketones are known as functional groups. Up to 
this point we have considered only compounds which have one 
such functional group, but many complicated organic compounds 
contain several such groups and are known as poly-functional 
compounds. The study of such complex substances is simplified 
by the fact that usually each group reacts exactly as it would if it 
occurred alone. Thus the reactions of complicated substances 
may be predicted in many instances from a knowledge of simple 
compounds. Exceptions to this rule will be noted. 

As an introduction to the study of poly-functional compounds 
we shall consider those substances which contain several hydroxyl 
groups in the molecule. These are known as the polyhydric 
alcohols. Two compounds of this class, ethylene glycol, C 2 H 4 - 
(OH) 2 , and glycerine (glycerol), C 3 H 5 (OH) 3 , are of great im- 
portance; the first because of its cheap commercial production 
from ethylene, and the other because it is the alcohol which is 
combined with complex organic acids in animal fats and vegetable 
oils. 

The simplest polyhydric alcohols are the glycols; these are 
compounds having the general formula CJH 2n (OH) 2 . They are 
derivatives of the saturated hydrocarbons in which two hydrogens 
have been replaced by hydroxyl groups. Compounds containing 
two hydroxyl groups on the same carbon atom, RCH(OH) 2 , 
are not included in this class. We have previously noted (p. 125) 
that attempts to prepare such a compound usually fail because 
of the elimination of water and the formation of an aldehyde 
or ketone. Therefore, the first member of the glycol series is 
ethylene glycol, CH 2 OHCH 2 OH, which has two hydroxyl groups 
on adjacent carbon atoms. 
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Glycols 

Preparation of Ethylene Glycol. Just as an alcohol may be 
prepared from an alkyl halide, so a glycol may be prepared from 
the corresponding dihalide. Thus by the action of silver hydrox- 
ide on ethylene dibromide, ethylene glycol is formed: 

C 2 H 4 (Br) 2 + 2AgOH — > C 2 H 4 (OH) 2 + 2AgBr. 

The industrial method of preparing ethylene glycol is to add 
hypochlorous acid to ethylene and to treat the resulting compound, 
ethylene chlorohydrin (p. 64), with a solution of sodium bi- 
carbonate at 70°-80° for four to six hours. Under these conditions 
the chlorine atom is replaced by hydroxyl : 

CI-LCICtLOH + NaHCOs — > CH 2 OHCH 2 OH + NaCl + C0 2 . 

ethylene 

chlorohydrin 

The direct transformation of ethylene to ethylene glycol has 
already been noted in connection with the action of potassium 
permanganate on ethylene; this method is of no preparative 
value. 

Properties and Uses of Ethylene Glycol. Ethylene glycol is 
a slightly sweet, mobile liquid, miscible with water in all propor- 
tions, but only slightly miscible with ether. It boils at 197° and 
solidifies at —11.5°. Ethylene glycol has been used extensively 
as a solvent and as a substance to be added to the water in the 
radiators of automobiles to prevent freezing under winter con- 
ditions. It is also used in the preparation of certain resins (p. 
426). 

Chemical Properties of Ethylene Glycol. The chemical reac- 
tions of ethylene glycol correspond to the fact that it has two 
primary hydroxyl groups. For example, it may be oxidized to 
the corresponding acid, oxalic acid, which contains two carboxyl 
groups:/ 

CH 2 OH COOH 

I +4[0] — > ! +2H 2 0. 

CH 2 OH COOH 

oxalic acid 

When treated with concentrated hydrochloric acid or hydrobromic 
acid, ethylene dichloride or dibromide is formed. By controlling 
the concentration of the acid and the temperature, the reaction 
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may be stopped at the first product, ethylene chlorohydrin or 
bromohydrin: 

CH 2 OH HBr CH 2 Br HBr CHsBr 

CHnOH CH 2 OH CHsBr. 

ethylene 
bromohydrin 

Ethylene glycol is dehydrogenated by lead tetraacetate, the 
C C bond being ruptured to form two molecules of formaldehyde: 

CH2OHCH2OH + Pb (OCOCH3 ) 4 — ^2HCHO +2CH3COOH + Pb (OCOCH3 ) 2. 


This reaction is general for all polyhydric alcohols in which two 
hydroxyl groups are on adjacent carbon atoms. Thus the gen- 
eral reaction may be formulated as: 


R ft 

\c — c/ + Pb(OCOCH 3 ) 4 — > 2R 2 CO + 

Rr I I \R 
OH OH 

2CH3OOOH + Pb(OCOCH 3 ) 2 , 

In this reaction the substituents represented by R/s may be any 
alkyl group or hydrogen and they may all be the same or different. 
Lead tetraacetate may be prepared by warming a suspension of 
red lead Pb 3 0 4 in acetic acid and acetic anhydride: 


Pba0 4 + 8CH3COOH — > Pb(OCOCH 3 ) 4 + 2Pb(OCOCH 3 ) 2 + 4H 2 0, 

This reaction is of particular value since it can be used to prepare a 
number of aldehydes and ketones hitherto obtained with difficulty. 
In place of lead tetraacetate, periodic acid may be employed with 
the same results: 

CH 2 0HCH 2 0H + HIO, — > 2HCHO 4- HI0 3 + H 2 0. 


Ethylene Oxide. When ethylene chlorohydrin is heated with a 
solution of sodium hydroxide, hydrogen chloride splits out and a 
cyclic ether known as ethylene oxide is formed: 


ch 2 ; ci :* 


CH 2 0 


H 


CH 2 


+ NaOH >- 


\ 


ch 5 


/ 


P + NaCI + H 2 0 


Ethylene oxide is soluble in water and boils at 13°. Mixed with 
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9 parts of carbon dioxide, it forms an important fumigant for 
foodstuffs and books because of the ease with which it can be re- 
moved by exposure to air. 

Ethylene oxide, unlike diethyl ether, is very reactive. In most 
of its reactions the ether linkage is broken and a substituted ethyl 
alcohol derivative is formed. When heated with water in the 
presence of a small amount of acid as catalyst, ethylene glycol is 
formed: 


> 

ch 2 


+ 



CH 2 OH 

CH 2 OH 


With hydrochloric acid it is changed into ethylene chlorohydrin: 


2 CH 2 + HC1 — CH 2 OHCH 2 CI 

to* 


The reaction between ethylene oxide and Grignard reagents has 
been considered previously (p. 144). 

Commercial Products from Ethylene. We have pointed out 
previously that ethylene is the starting material for the synthesis 
of a large number of chemicals of industrial importance. At this 
time we shall consider a few of those products which are closely 
related to ethylene glycol. These compounds are generally made 
from ethylene oxide, which, as we have seen, is obtained from 
ethylene. 

If ethylene oxide is treated with an alcohol in the presence of a 
small amount of a catalyst the two combine and a compound 
which is both an ether and an alcohol results: 

O 

/ \ catalyst 

CH 2 - CH 2 + CH 3 OH — > CH2OHCH2OCH3. 

The monomethyl ether of ethylene glycol, CH 2 OHCH 2 OCH 3 , the 
monoethyl ether, CH2OHCH2OC2H5, and similar compounds are 
readily prepared in this way. These substances are useful sol- 
vents because they are at one and the same time both alcohols and 
ethers, and for this reason readily dissolve a great variety of or- 
ganic compounds. They are also miscible with water. This is 
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true even if the alcohol employed in their preparation is butyl 
alcohol. They are marketed under the name of cellosolve. Thus 
the monomethyl ether is methyl cellosolve, and the monobutyl 
ether, CHoOHCB^OGWa, is called butyl cellosolve. The former 
boils at 124°, the latter at 170.6°. Closely related compounds are 
the ethers of diethylene glycol, CH 2 OHCH 2 OCH 2 CH 2 OH; they 
are known as the carbitols. The carbitols are prepared by 
the action of ethylene oxide on the mono-ethers of ethylene 
glycol: 

O 

/ \ catalyst 

CH 2 OHCH 2 OC 4 H9 + CH 2 - CH2 — > CH2OHCH2OCH0CH2OC4H9. 

Butyl carbitol, CH2OHCH2OCH2CH2OC4H9, boiling at 222 °, is par- 
ticularly interesting as it is an excellent solvent and is completely 
miscible with water. It can be used for preparing homogeneous 
solutions containing both water and complex organic compounds 
insoluble in water. 

When ethylene oxide is treated with ammonia, a mixture of 
amino alcohols is formed according to the following equation : 

0 

CH^-^ CH 2 + NH 3 — > HOCH 2 CH 2 NH 2 , 

O 

CH^ CH 2 + HOCH 2 CH 2 NH 2 — > (CH 2 OHCH 2 )2NH, 

0 

(CH 2 OHCH 2 ) 2 NH + CH^— X CHo — > (CH 2 OHCH 2 ),N. 

These compounds are marketed under the names of the “ ethanol- 
amines.” The final product of the reaction is known as triethan- 
olamine. They are high-boiling, colorless, viscous liquids, alkaline 
in reaction, hygroscopic and miscible with water in all propor- 
tions. Their base strength is comparable to that of the simple 
aliphatic amines. The ethanolamines are being widely used as 
emulsifying agents, in the preparation of soaps, and to some ex- 
tent as solvents. . 

Still another solvent which may be prepared from ethylene 
and which is related to ethylene glycol is a compound known as 
I, 4-dioxane. It is a liquid boiling at 102° and is miscible with 
water. It can be prepared by the dehydration of diethylene 
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glycol, which in turn is prepared from glycol and ethylene 
oxide : 

O 

/ \ catalyst 

CH 2 OHCH 2 OH + ch 2 - ch 2 — ^ CH 2 OHCH 2 OCH 2 CH 2 OH 

diethylene glycol 


CH 2 CH 2 

catalyst / \ 

CH 2 OHCH 2 OCH 2 CH 2 OH — o o + h 2 o. 

\ / 

ch 2 ch 2 

1, 4-dioxane 


A solvent which has been mentioned in connection with petro- 
leum refining is f3, /S'-dichloro ethyl ether. It is made from ethyl- 
ene chlorohydrin by heating with concentrated sulfuric acid at 
90°-100°: 

CH 2 C1CH 2 0 jH + HOj CH 2 CH 2 C1 — CH 2 C1CH 2 0CH 2 CH 2 C1 + H 2 0. 

* ’ jS, /S'-diehloroethyl 

ether 

Divinyl ether, CH 2 = CH - 0 - CH = CH 2 (b.p. 28.3°), 
may be prepared from /?, jS'-dichloroethyl ether by heating it with 
solid potassium hydroxide: 

CH 2 C1CH 2 0CH 2 CH 2 C1 + 2K0H — ^ (CH 2 - CH) 2 0 + 2KCI + 2H 2 0. 

Divinyl ether is used as a general anesthetic, and in some respects 
it is claimed to be better than ether. It is interesting to note 
that this compound is related to ethylene and diethyl ether, both 
of which are widely used in anesthesia. 

Other Glycols. Two other glycols are worthy of mention. 
Propylene glycol, CH3CHOHCH2OH, can be prepared from 
propylene by exactly the same reactions as are used in the prepara- 
tion of ethylene glycol from ethylene. It resembles ethylene gly- 
col in its physical properties but differs from it chemically in that 
it is a secondary as well as a primary alcohol. Trimethylene 
glycol, CH2OHCH2CH2OH, is a by-product of the preparation of 
glycerol from fats. It is a viscous liquid boiling at 214° and mis- 
cible with water in all proportions. The corresponding dibromide 
may be prepared from it by the action of hydrobromic acid. This 
dibromide is known as trimethylene dibromide, CH 2 BrCH 2 CH 2 Br; 
we shall have occasion to refer to it again in connection with the 
synthesis of certain compounds. 
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General Methods of Preparing Glycols. The general methods 
of preparing glycols depend on the relative position of the hydroxyl 
groups. When the two groups are on adjacent carbon atoms, 
there are other methods which can be employed besides the ones 
outlined above. In general, the corresponding olefin is the start- 
ing material. For example, hydrogen peroxide and a catalyst, 
such as osmium tetroxide, will oxidize ethylene and its derivatives 
to 1, 2-glycols: 

catalyst . 

CH 2 - CH 2 + H2O2 — > CH 2 OHCH 2 OH. 


This reaction is carried out best in tertiary butyl alcohol as the 
solvent. It is somewhat analogous to the oxidation of olefins to 
glycols by potassium permanganate (p. 66). 

In the case of a number of relatively complex compounds containing the 
ethylene linkage it has been found possible to prepare the glycols readily by 
the use of lead tetraacetate. The steps are as follows: 


- CH - CH - + Pb (OCOCH 3 ) 4 - 

hydrolyze/ 

— CH — CH • 

i I 

OH OH 


OCOCH3 

— CH — CH — 
OCOCH3 

diacetate 


When the two hydroxyl groups are on the extreme ends of the 
carbon chain, the glycol can be formed from the ethyl ester of the 
corresponding acid with two carboxyl groups by reduction with 
sodium and alcohol or by catalytic hydrogenation. This is merely 
an application of a general method of preparing primary alcohols 
from esters (p. 100); it is illustrated below in the preparation of 
tetramethylene glycol: 

CH 2 COOC 2 H 5 

I + 8[H] “ ^ CH 2 OHCH 2 CH 2 CH 2 OH + 2 C 2 H*OH. 

CH2COOC2H5 tetramethylene glycol 

Since acids of the general formula (CH 2 ) K (COOH) 2 are readily 
available (Chap. X), the corresponding glycols, CH 2 OH(CH 2 )„- 
CH 2 OH, can be easily prepared. The physical properties of some 
of the members of such a series of glycols are given in the 
table : 
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Name 

Formula 

Boil- 

ing 

Point 

Melt- 

ing 

Point. 

Density 

Ethylene glycol 

ch 2 ohch 2 oh 

197.4° 

-11.5° 

1.1097(25°) 

Trimethylene glycol 

ch 2 ohch 2 ch 2 oh 

214° 

— 

1.0526(18°) 

Tetramethylene glycol 

CH 2 OH(CH 2 ) 2 CH 2 OH 

230° 

16° 

1.020(20°) 

Pentamethylene glycol 

CH 2 OH(CH 2 ) 3 CH 2 OH 

239° 

— 

.994(18°) 

Hexamethylene glycol 

CH 2 OH(CH 2 ) 4 CH 2 OH 

250° 

42° 


Heptamethylene glycol 

CH 2 OH(CH 2 ) 5 CH 2 OH 

262° 

22.5° 



The first four members are all miscible with water and alcohol. 
The solubility in water decreases as the molecular weight in- 
creases. 

Nomenclature. The names which are commonly assigned to 
the compounds we have been discussing are either trivial names 
which originated from the method of preparation or trade names 
which have been recently established. Glycols which belong to 
the series given in the table are named as indicated but this method 
applies only to this special group of glycols. By the Geneva sys- 
tem the glycols are named from the corresponding saturated hy- 
drocarbons, adding to the end of the word the suffix “ did ” and 
indicating by numbers the position of the groups. Thus propylene 
glycol is propanediol-1, 2; trimethylene glycol is propanediol-1, 3. 
The nomenclature of the corresponding halogen compounds has 
already been considered (p. 135). 

Pinacols. The glycols which have two adjacent hydroxyl 
groups and four alkyl groups symmetrically arranged can be pre- 
pared by the reduction of ketones in alkaline medium (p. 116). 
The simplest of these is pinacol, (CH 3 ) 2 COHCOH(CH 3 ) 2 , which is 
prepared from acetone. It is a liquid boiling at 172°; it forms a 
white, crystalline hydrate when treated with water. Similar com- 
pounds can be prepared by the reduction of other ketones with 
metallic magnesium: 


2B 2 CO + Mg — ► 


R R 

V / 

c — c 

■y\ i\ 

R O OR 

Mg 


H 2 0 

— > R2C(OH)C(OH)R 2 . 
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Pinacol Rearrangement. The pinacols are of interest because 
of a remarkable reaction which they undergo when heated with 
acids. A molecule of water is eliminated and a rearrangement of 
the alkyl grotips takes place with the formation of a ketone: 


CH a 


ch 5 


CH; 


\T , 

A /?\ 


■» ;oh 


I ch 3 ho oh\ 

acids | N \ 

— >1 CHs^C-C-CH* 

OHCH* \ch 3 


> 


ch 3 0 
\ II 

CH^C-C-CH, 

CH 3 


Such a reaction is called a molecular rearrangement; another ex- 
ample of a rearrangement was considered in the previous chapter 
in connection with the action of nitrous acid on primary amines 
(p, 161). The intermediate shown above is probably the first 
product of the shift of groups. In spite of a great deal of study, 
we are still very much in the dark as to the mechanism by which 
such a shift can take place. Fortunately, it is a rather rare oc- 
currence. 

The most convenient way of preparing certain ketones is the 
rearrangement of a pinacol. The compound formed from pina- 
col itself is called pinacolone. It is a liquid boiling at 106°. The 
proof that such a rearrangement has really taken place when 
pinacol is dehydrated is furnished by the fact that the ketone on 
treating with sodium hypobromite yields bromoform and tri- 
methyl acetic acid: 

(CBWsCCOCH* + 3NaOBr — > (CH 3 ) 3 CCOONa + 2NaOH + CHBr 3 . 

The structure of the latter can be definitely established by sev- 
eral methods. It is thus clear that a shift of methyl groups has 
taken place in the transformation of pinacol to pinacolone. 

Glycerol 

Glycerol or, as it is often called, glycerine, is a trihydroxy 
derivative of propane having the formula CH 2 OHCHOHCH 2 OH. 
It is formed whenever an animal fat or a vegetable oil is boiled 
with sodium hydroxide. If we take a typical animal fat, such as 
tallow from the beef animal, and boil it with sodium hydroxide, it 
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changes into a thick mass which with sufficient water will form a 
clear solution. On adding sulfuric acid to this solution we obtain 
a precipitate which consists of a mixture of two acids of the fatty 
acid series, namely, palmitic acid, C15H31COOH, and stearic acid, 
C17H35COOH. Since these acids are insoluble in water, they 
separate when the solution of their sodium salts is made acid. If 
we evaporate the water solution, we shall find that after distilling 
off all the water a viscous high-boiling liquid remains together 
with sodium sulfate. This liquid is glycerol. It can be purified by 
distillation under diminished pressure. 

The industrial preparation of glycerol is essentially that just 
outlined. It is thus a by-product of the manufacture of the fatty 
acids or their salts — the soaps. It has also been manufactured 
by the fermentation of sugar by yeast under special conditions. 
The mixture is kept somewhat alkaline and sodium bisulfite is 
added during the fermentation. During the World War very 
large quantities of glycerol were prepared in this way in Germany. 
It has been sold as an anti-freeze for automobile radiators. It is 
used in the manufacture of cosmetics, dentifrices, and in the 
preparation of inks and mucilages. 

Physical and Chemical Properties. Glycerol is a viscous, 
non-toxic, colorless liquid with a sweetish taste. It is miscible in 
all proportions with water. When pure it can be made to solidify 
by cooling and the crystals melt at 17°; the liquid is very prone to 
“ supercooling ” and it is often extremely difficult to start the 
crystallization. The usual samples of glycerol contain varying 
proportions of water since glycerol is hygroscopic. It boils at 
290°. If kept long at its boiling point, it undergoes partial de- 
composition, and is therefore best purified by distillation under 
diminished pressure. 

Glycerol contains two primary hydroxyl groups and one sec- 
ondary group. The presence of three hydroxyl groups in the 
molecule is established by the fact that when acylated, three acyl 
groups are introduced into the molecule. As an example of this 
the preparation of the triacetate may be given: 

ch 2 oh CH 2 OCOCH 8 

I I 

CHOH + 3 (CH 3 CO) 2 0 — CHOCOCHs h 3CH 3 COOH. 

' I I 

CH 2 OH CHsOCOCH* 


glycerol triacetate 
(triacetin) 
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When treated with gaseous hydrochloric acid one or both of 
the primary hydroxyl groups are replaced by chlorine. The 
products are called glycerol ehlorohydrins : 

HC1 HC1 

CH 5 OHCHOHCH 2 OH — CH 2 C1CH0HCH 2 0H — 

glycerol mono- 
chlorohydrin 

CH 2 CICHOHCH 2 CL 
a, 7 -glycerol 
dichiorohydrin 

The structure of the final product is established by the fact that on 
oxidation it yields a ketone, dichloroacetone, CH 2 CICOCH 2 CL 

Nitroglycerine and Dynamite. The trinitrate of glycerol is 
called nitroglycerine. It has the formula CH 2 (0N02)CH(0N02)" 
CH 2 (0N0 2 ). It is an oily liquid which solidifies at 12°. It is a 
powerful explosive which is very sensitive to shock and dangerous 
to transport. Nobel 1 discovered in 1867 that if nitroglycerine was 
absorbed by some inert porous material such as kieselguhr (silica), 
a powerful but relatively safe explosive was formed. This was 
dynamite. Dynamite today is commonly manufactured by using 
wood pulp or sawdust as the solid absorbent materials and addhig 
solid ammonium nitrate. 

Nitroglycerine is prepared by the action of concentrated nitric 
and sulfuric acids on glycerol. The temperature must be care- 
fully controlled: 

H2SO4 

C 3 H 6 (OH) 3 + 3HNO s — ^ C 3 H 5 (0N0 2 ) 3 + 3H 2 0. 

Fats and Oils 

Having now considered the chemistry of glycerol, we are in a 
position to attack the complicated subject of the fats and oils. 
First of all, a word of warning is necessary about the use of the 
term oil. It is a much abused expression and originally probably 
connoted merely a somewhat viscous liquid; for example, sulfuric 
acid was called “ oil of vitriol.” The organic substances which 
are commonly called oils can be divided into three classes: (1) 
the mineral oils, which are petroleum products; (2) essential oils, 
which are fragrant, volatile constituents of plants and plant prod- 
ucts (e.g., oil of wintergreen, oil of cinnamon, oil of cloves); (3) 

1 A. B. Nobel (1833-1896). A Swedish chemist and pioneer in the field of explo- 
sives. He dedicated his fortune to the establishment of the Nobel prizes. 
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the vegetable oils, which are esters of glycerol. These vegetable 
oils together with the animal fats form a distinct class which we 
are now to consider. Generally speaking, if a member of this 
class is liquid at room temperature, it is called an oil and if solid, 
a fat. Cocoanut oil and palm oil are liquids at temperatures 
which prevail in the tropics where they are obtained but they are 
solids at usual room temperature in the temperate zone. 

The Acids Obtained from Fats and Oils. When tallow is 
hydrolyzed by the action of sodium hydroxide, a mixture of 
stearic and palmitic acids is obtained. This would indicat/ 
either that the two acids were combined with one molecule o 
glycerol or that the natural fat was a mixture of tw r o compounds. 
Other evidence obtained by the examination of tallow seems to 
show that it is a mixture of the tripalmitie ester of glycerol (called 
tripalmitin) and the tristearic ester (called tristearin). 

If we examine in a similar way other animal fats and oils, we 
always find glycerol and a mixture of acids as the products of 
saponification. The more important of these acids are listed 
below in the table, together with their physical properties. 


The Acids Which Occur Commonly in Fats and Oils 


Name 

Formula 

Structure 

Melt- 

ing 

fPoiNT 

Palmitic acid 

C 16 H 5 iCOOH 

CH 3 (CH 2 )i 4 COOH 

63° 

Stearic acid 

Ci 7 H 36 COOH 

CH 3 (CH 2 ) m COOH 

69° 

Oleic acid 

Ci 7 H 33 COOH 

CH 3 (CH 2 ) 7 CH == CH(CH 2 ) 7 C00H 

14° 

Linoleic acid 

Ci 7 H 31 COOH 

Has two double bonds 

liquid 
at 0° 

Linolenic acid 

CuHssCOOH 

Has three double bonds 

liquid 
at 0° 


It will be noted that the last three are unsaturated acids which 
are related to stearic acid in so far as they contain the same carbon 
skeleton (seventeen carbon atoms and a carboxyl group). Each 
belongs to a separate homologous series with a different general 
formula. Falmitic and stearic acids which belong to the fatty 
acid series have the general formula CnH 2 n+iCOOH; oleic acid 
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has the formula aH 2 „-iCOOH, lixioleic CJB^-sCOOH, and lino- 
ienic e n H 2 n- 5 COOH, 

Glycerides. The esters of an acid with glycerol are called 
glycerides and are named as follows: triacetin is the tri-acetic 
ester of glycerol; tripalmitin is the tri-palmitic ester of glycerol; 
triolein is the tri-oleie ester of glycerol. The general formula is: 

RCOOCHs 

I 

RCOOCH 

I 

RCOOCH 2 . 

The melting points of some common glycerides are given below: 

m.p. 

Tripalmitin 60° 

Tristearin 71° 

Triolein 17° 

Trilinolein oil below 0°. 

It will be noticed that the glycerides of the saturated acids, 
like the free acids themselves, melt at a much higher temperature 
than the glycerides of the unsaturated acids. Thus, the rela- 
tively low melting point of a vegetable oil, in comparison to that 
of an animal fat, is due to the fact that the former contains un- 
saturated glycerides. The essential difference between tallow and 
cottonseed oil is the absence of a few hydrogen atoms in the latter. 


Approximate Composition of Some Fats and Oils 


Name 

Tristearin 

AND 

Tripalmitin 

Triolein 

Trilinolein 

Other 

Glycerides 


Per cent 

Per cent 

Per cent 

Per cent 

Tallow 

75 

25 

0 

0 

Butter Fat 

53 

39 

0 

8 

(There is considerable 
tributyrin in this fat) 
Olive Oil 

25 

70 

5 

0 

Cottonseed Oil 

25 

25 

47 

3 

Linseed Oil* 

8 

18 

30 

44 

Soy Bean Oil 

7 

33 

52 

8 

Tung Oil** 

5 

13 


82 


* Contains about 30 per cent of the glycerides of linolenic acid. 

** Contains about 73 per cent of eleostearic acid, CuH^COOH, which is isomeric with 
linolenic acid. 
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Fats as Foods. Together with the carbohydrates (Chap. XVII) and pro- 
teins (Chap. XXXI) fats constitute the important source of energy for the 
animal body. In the process of digestion the fats are hydrolyzed and eventually 
burned to carbon dioxide and water. The steps in this process are not 
known. It was at one time thought that the animal could dehydrogenate 
fatty acids, but it has been shown that if a young animal be fed on a diet 
entirely free from unsaturated acids, the animal suffers from a so-called fat 
deficiency disease. This would indicate that such acids as oleic and linoleic 
cannot be formed from stearic by the animal organism. If this be so, then 
the unsaturation of animal fats must be eventually traced to vegetable fats 
and oils. These, we have seen, are often highly unsaturated. The green 
plant is able to synthesize both saturated and unsaturated acids. It is inter- 
esting that only acids with an even number of carbon atoms are found in 
plants and animals. 

Hydrogenation of Vegetable Oils. A large industry exists 
which transforms vegetable oils into solid fats. The chemistry 
of this process is extremely simple. It is based on the reaction 
known as catalytic hydrogenation which we have already con- 
sidered (p. 66). The following reaction illustrates the transfor- 
mation of triolein to tristearin: 

CH 3 (CH 2 ) 7 CH = CH(CH 2 ) 7 COOCH 2 , orT CH 3 (CH 2 )i 6 COOCH 2 

j i-3H2 [ 

CH 3 (CH 2 ) 7 CH - CH(CH 2 ) 7 COOCH — ^ CH a (CH 2 )i 6 COOCH 

I Ni I 

CH 3 (CH 2 ) 7 CH = CH(CH 2 ) 7 COOCH 2 at 200* CH 3 (CH 2 ) 16 COOCH 2 . 

The hydrogenation of vegetable oils is controlled in order to yield 
the type of product desired. Thus, if a synthetic lard is wanted 
for cooking purposes, the reduction is stopped when partially com- 
plete; otherwise a material comparable to tallow is obtained. 
The term “ hardening ” is sometimes given to this process of hy- 
drogenating a vegetable oil. 

Butter. Butter differs from the other fats in containing a small amount 
of tributyrin, the glyceride of butyric acid. When butter has stood for some 
time it slowly becomes rancid because of the liberation of free butyric acid 
by the hydrolysis of the glyceride. Although only a very small per cent of 
the glyceride may be decomposed, the butter is quite unfit for use because of 
the disagreeable smell of butyric acid. The butyric acid may be removed 
by washing the butter with an aqueous solution of sodium bicarbonate, or by 
blowing steam through the molten butter which volatilizes the butyric acid. 
Butter thus freed from butyric acid is called renovated butter. In order to 
restore to it some of the characteristic flavor and consistency of natural butter, 
it is usually churned with skim milk under such conditions that it sep- 
arates in more or less of a conglomerate containing considerable amounts of 
water. 
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Oleomargarine and various vegetable butters and other butter substitutes 
are mixtures of vegetable oil and animal fats or partially hydrogenated vege- 
table oils of such consistency as to resemble butter. To simulate the mechan- 
ical structure of butter and its characteristic flavor such substances are often 
agitated with milk before being put on the market. They must be artificially 
colored. In many states, to prevent fraud, there are special laws covering 
the sale of oleomargarine and other special butters. 

Candle Stock. A mixture of palmitic and stearic acids is 
prepared industrially and sold under the name of stearin. It is 
a waxlike solid, used for the manufacture of candles and some- 
times called candle stock. For the preparation of this substance 
animal fats or hydrogenated oil must obviously be used, since 
only the high-melting acids obtained from saturated glycerides 
yield a solid material suitable for candles. 

Hydrolysis of Fats. The hydrolysis of fats to produce the free 
acids is brought about by heating them with a catalyst and water. 
The catalyst used is usually either a small amount of lime or a 
complex organic acid known as TwitchelPs reagent. The re- 
action goes to completion, probably because the acids are in- 
soluble and separate from the mixture. Thexsolution from which 
the insoluble acids have been separated is distilled and glycerol is 
obtained: 

RCOOCHs orr ~ CH 2 OH 

| 0X12'-' | 

RCOOCH + — > 3RC00H + CHOH 

| catalyst J 

rcooch 2 100 ° ch 2 oh. 

Manufacture of Soap. Soap is prepared by boiling animal fats 
and vegetable oils with sodium hydroxide. When the reaction 
is complete, salt is added which causes the complete separation of 
the sodium salts of the fatty acids: these are lighter than water, 
float on the surface, and are removed. The glycerol in the residual 
brine may be obtained by distillation: 

RCOOCH 2 
i 

RCOOCH + 3NaOH 
I 

RCOOCH 2 

The soaps which come on the market are the sodium salts of the 
fatty acids mixed with a number of other materials which give 
them odor, color, and cleansing properties. The hydrogenated 


CH 2 OH 

I 

3RC00Na+ CHOH 


soap 

“ salted out ” 
with brine 


CH 2 OH. 
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vegetable oils are much used in soap manufacture. A satis- 
factory soap can not be made from an oil like cottonseed oil 
itself but after hydrogenation the oil is the equivalent of 
tallow. 

Rosin is also used in the manufacture of soaps. It is the amorphous yellow 
residue left after the distillation of spirits of turpentine from the sap of co- 
niferous trees. It is an organic acid (or acid anhydride) of high molecular 
weight (p. 505) and, therefore, reacts with bases to form salts. Solutions of so- 
dium “rosinate ” have cleansing power- and produce'lather like soap solutions. 
Many cheap laundry soaps contain much rosin. Shaving soap usually con- 
tains some rosin to produce good lather; it also contains glycerol and gum 
to prevent too rapid drying. 

Cleansing Action of Soap. Why is a solution of sodium stearate 
(soap) a cleansing agent, while sodium acetate is not? The 
explanation is connected with the large molecular weight of 
palmitic and stearic acids. In water solution, the large organic 
ions form a complex which is so large as to have colloidal proper- 
ties. Thus, a solution of sodium palmitate or sodium stearate 
differs from one of sodium acetate by being colloidal. Colloidal 
solutions have the property of causing other substances to pass 
into colloidal solution or to form emulsions; it is for this reason 
that a solution of soap emulsifies oil, grease, and dirt and thus 
removes them. 

Sulfonated Soaps. Another group of soaps recently introduced are the 
sulfonic acid salts of long chain aliphatic alcohols, which have the general 
formula CH 3 (CH 2 )nOS0 3 Na where n is ten or more. They are marketed either 
as solids or in solution. Lauryl alcohol, CH 3 (CH 2 )ioCH20H, cetyl alcohol, 
CH 3 (CH 2 )i 4 CH 2 OH, and stearyl alcohol, CH 3 (CH 2 )i6CH 2 OH are used to make 
these new detergents. These alcohols are made today by catalytic hydrogena- 
tion of the esters of the corresponding acids (p. 100). Generally, the glycerides 
themselves are reduced; tripalmitin under these conditions yields cetyl alcohol 
and glycerol. 

The advantage of these soaps over those from the fatty acids is that they 
may be used in slightly acid solutions (which would precipitate fatty acids 
from ordinary soaps) and in salt and hard waters since their calcium and mag- 
nesium salts are soluble. 

Drying Oils 

Drying of Oil Paints Is Oxidation. Linseed oil and certain 
other vegetable oils, such as tung and soy bean oil, have the pecul- 
iar property of slowly absorbing oxygen from the air and chang- 
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mg into a hard transparent solid. This property is particularly 
manifested if a thin layer of the oil is spread on some surface 
such as wood which is exposed to the air. This oxidation 
of linseed oil is commonly and quite erroneously called drying . 
It is the basic chemical reaction in the so-called drying of oil 
paints. 

The linseed oil as it comes from the flax seed (called raw linseed oil) absorbs 
oxygen very slowly; paint made from it would be too slow drying for most 
purposes. It has been found that by heating linseed oil to 200° in the presence 
of certain inorganic substances it undergoes some chemical change, wdth the 
result that it will now absorb oxygen much more rapidly at room temperature. 
Oil which has been thus treated is called boiled linseed oil and is the material 
used in the manufacture of practically all oil paints. 

Our knowledge of the chemistry of the drying of linseed oil is very meager. 
The ability of an oil to combine with oxygen seems to be connected with the 
presence of glycerides of highly unsaturated acids such as linolenic acid. We 
always find a high percentage of such glycerides in oils which have drying prop- 
erties. It is probable that the oxygen of the air combines with the unsaturated 
linkages and that a polymerization somewhat analogous to the polymerization 
of isoprene then takes place. If this is true, dried paint is a polymerized, oxi- 
dized glyceride of linolenic acid. 

Oil Paints. Oil paints are merely a suspension of very finely 
divided pigments in linseed oil. The pigments are for the most 
part inorganic compounds such as basic lead carbonate (white 
lead), lead oxide (red lead), etc. When an especially quick- 
drying oil paint is desired the oil is sometimes diluted with spirits 
of turpentine which really dries in the sense that it evaporates 
and leaves a thin coating of the material behind; this then “ dries ” 
by absorbing oxygen in the usual manner. Certain substances 
called driers are sometimes added to the paint. They act eata- 
lytically to accelerate the oxidation process. 

Oilcloth is made by covering cloth with boiled linseed oil and letting it dry. 
Linoleum is a “ dried” mixture of linseed oil and cork which have been pressed 
together. Tung oil is also used for the same purpose. 

In connection with the general chemistry of paints one should bear in mind 
that there is a great distinction between oil paints, which we have just been 
discussing, and various other forms of paint or paint-like substances, such as 
shellac, varnishes, and lacquers. These substances are solutions of organic 
materials in volatile solvents, and their drying is due to the evaporation of the 
solvent, the organic material being left behind as a thin coating. For many 
purposes lacquers of various sorts are now replacing oil paints. Automobiles, 
for example, and many other metal surfaces are painted with a lacquer pre- 
pared from cellulose. 
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Analysis of Fats and Oils. Certain convenient methods of 
analysis are frequently employed in studying fats and oils. By 
saponifying a weighed sample of the material with potassium 
hydroxide, the saponification number may be obtained. It is 
defined as the number of milligrams of potassium hydroxide 
required to saponify one gram of fat. 

The degree of unsaturation of a fat or oil can be determined by 
allowing a known weight of the material to react with iodine in a 
solution of mercuric chloride in alcohol. The amount of halogen 
which combines with the double linkages of the various unsatu- 
rated glycerides can be readily determined. It should be noted 
carefully, however, that the direct combination of iodine with 
double linkages is very slow and only proceeds in this instance at a 
convenient rate because of the special reagent employed. The 
results are expressed in terms of what is known as the iodine num- 
ber, which is the number of grams of iodine combining with 100 g. of 
fat This number is obviously greater the more unsaturated 
glycerides are present. Typical iodine numbers are given in the 
tables below. 


Iodine Number of Fatty Acids and Their Glycerides 



Free Acid 

Glyceride 

Oleic 

90.0 

86.2 

Linoleic 

181.4 

173.5 

Linolenic 

274.1 

262.1 


Iodine Number of Certain Fats and Oils 


Tallow 

35-40 

Cottonseed Oil 

104-116 

Lard j 

48-64 

Soy Bean Oil 

135-150 

Olive Oil 

77-91 

Tung Oil 

150-170 



Linseed Oil 

175-201 


Reichert-Meissl Number. Butter contains a relatively large amount of 
the glycerides of the lower fatty acids; artificial butters and renovated butters 
contain much less. It is, therefore, important to have a method of determining 
the percentage of the glycerides of the lower fatty acids in a sample of butter 
or other fat. This is done by saponifying 5.5 grams of the fat, acidifying with 
sulfuric acid and distilling the aqueous solution until a definite volume of 
distillate is collected. The lower fatty acids are volatile with steam and are 
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largely in the distillate. The number of cubic centimeters of 0.1 N potassium 
hydroxide required just to neutralize this distillate is the Reichert-Meissl 
number of the fat. 

Phosphatides. A group of glycerides closely related to the 
fats and oils is known as the phosphatides. They occur widely 
distributed in animal and plant cells but usually in small amounts. 
They may be regarded as fats in which one acyl group has been 
replaced by a complex phosphoric acid. Like the fats, they 
usually are present in nature as a mixture of several compounds 
containing different closely related acyl groups (e.g., stearyl and 
palmityl). For this reason probably no representative of the 
phosphatides has been obtained in a pure state. 

The lecithins (a and 0) are the commonest phosphatides. 
Their structures are usually represented by the following formulas, 
where RiCO and R 2 CO represent the acyl groups of the higher 
fatty acids: 

CH 2 OCORi 

CHOCORs 
O 

✓ 

H 2 OP - O 
f 

OH 

a-Lecithin 

On hydrolysis the lecithins yield glycerol, a mixture of fatty acids, 
phosphoric acid, and the quaternary base, choline, CH 2 OHCH 2 - 
(CH 3 ) 3 NOH (p. 170). Large amounts of the lecithins are found 
in egg yolk, liver, and brain. Like the fats they are soluble in 
ether and many other organic solvents but insoluble in water. 

Waxes. A group of plant and animal products having some- 
what the same physical properties and solubilities as the fats are 
the waxes. They are entirely different, however, in their chem- 
ical composition and reactions. Waxes are usually a mixture of 
higher alcohols of the methyl alcohol series (C n H 2 «+iOH) with 
esters of these same alcohols and the fatty acids; in some waxes, 
certain amounts of higher hydrocarbons are also present. Waxes 
may be distinguished from the fats by the fact that when boiled 
with sodium hydroxide they are not transformed into water- 
soluble products. (The higher alcohols are, of course, insoluble 
in water and aqueous sodium hydroxide.) Together with sterols 


CH 2 CH 2 N(CH 3 ) 3 OH 


CH 2 OCORi 
O 

HOP ^OCH 2 CH 2 N(CH 3 ) 3 OH 

^OH 
H 2 OCOR 2 

^-Lecithin 
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(Chap. XXVII) they are the “ iinsaponifiable portion ” left 
when a chloroform or ether extract of plant or animal tissue is 
hydrolyzed with alkali. (The esters of the higher alcohols present 
in the waxes are converted to the higher alcohols themselves by 
this treatment, of course.) 

The alcohols, C 3 oHf,iOH, myricyl alcohol, and C26H53OH, ceryl alcohol, are 
frequently found in waxes. Beeswax is largely myricyl palmitate, t Ci 5 H3i- 
COOC30H61. It is widely used in the manufacture of polishes and in pharma- 
ceuticai preparations. Chinese insect wax is obtained from a deposit made by 
a parasitical insect on certain trees in Asia. It is largely ceryl cerotate, 
C25H51COOC26H53. (Cerotic acid is C25H51COOH.) Camauba wax has an 
exceptionally high melting point (83° to 86°). It is extracted from the leaves 
of a certain Brazilian palm. It is largely C25H51COOC30H61. 

Higher Polyhydric Alcohols. Alcohols having four, five, and six 
hydroxyl groups are known. Many of these are found in nature. 
Erythritol, CH 2 OH(CHOH) 2 CH 2 OH/ occurs, usually as an ester, 
in many lichens and fungi. The tetranitrate of erythritol is used 
in medicine for certain cardiac disturbances. Arabitol, xylitol, 
and adonitol are pentahydric alcohols. They all may be rep- 
resented by the formula CH 2 OH(CHOH) 3 CH 2 OH. The hexa- 
hydric alcohols, mannitol, dulcitol, and sorbitol, CH 2 OH(CHOH) 4 - 
CH 2 OH, also occur in nature. 

In general the higher polyhydric alcohols are sweet/ crystal- 
line compounds, readily soluble in water. Their reactions are 
those which would be predicted from a knowledge of the simpler 
polyhydric alcohols. Thus on acylation with acetic anhy- 
dride, the pentahydric alcohols form pentacetates, the hexahy- 
dric alcohols, hexacetates. The close relationship of these 
higher polyhydric alcohols to the sugars will be evident later 
(Chap. XVII). 

Oxidation Products of the Glycols 

Classification. By the oxidation of the monohydric alcohols 
(ROH), one obtains an aldehyde or ketone and eventually 
an acid, if the alcohol is primary. In the same way, the oxida- 
tion of the glycols (dihydric alcohols) will yield compounds con- 
taining the carbonyl group, and acids will be obtained as the final 
product if the group — CH 2 OH is originally present in the 
molecule. 

The following classes of compounds are the possible oxidation 
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products of a glycol with two primary groups (in the case of 
ethylene glycol, n = 0): 


ch 2 oh 

CHO 

/ 

„ / 

(CH 2 )„ 

(CH 2 )» 

\ 

\ 

ch 2 oh 

CH 2 OH 

glycol 

aldehydic alcohol 

CHO 

CHO 

/ 

„ / 

(CH,)„ 

(CH 2 )„ 

\ 

\ 

CHO 

COOH 

dialdehyde 

aldehydic acid 


COOH 

(CH 2 )/ 

^CHsOH 

hydroxy acid 

COOH 

\:OOH. 

dibasic acid 


If the glycol contains both a primary and a secondary group, the 


following are the possible oxidation products: 


CHOHR 

COR 

COR 

COR 

/ 

/ 

/ 

/ 

(CH 2 )„ 

(CH,)„ 

(CH 2 )n 

(CH 2 )„ 

\ 

\ 

\ 

\ 

CH 2 OH 

CH 2 OH 

CHO 

COOH. 1 

glycol 

ketonic alcohol 

ketonic aldehyde 

ketonic acid 


The oxidation products of a glycol which has two secondary 
alcohol groups would be a ketonic alcohol or a diketone, RCO- 
(CH 2 ) n COR. A ditertiary alcohol would have no oxidation 
products which contained the same number of carbon atoms. As 
in the case of a simple tertiary alcohol, the oxidation of such a 
compound would immediately disrupt the molecule. 

Many representatives of all the classes of compounds just 
outlined are known. In most cases there are more convenient 
methods of preparing them than by the oxidation of the glycols, 
•but this fact does not, of course, alter their relationship to each 
other and to the glycols. The dibasic acids are so important 
that the whole of the next chapter will be devoted to them. 
Those compounds in which there are two carbonyl groups, or a 
carbonyl group and a carboxyl group separated by one carbon 
atom, have very special and peculiar properties. Such com- 
pounds are the beta diketones (or 1, 3-diketones), RCOCH 2 COR, 
and the beta ketonic acids, RCOCH 2 COOH. A special chapter 
will be devoted to these compounds and their peculiarities. Of 
the remaining types only a few representatives related to ethylene 
glycol or propylene glycol are of sufficient general interest to be 
included in this elementary survey of the carbon compounds. 
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Glycollic Aldehyde and Glyoxal. These two compounds are 
the first oxidation products of ethylene glycol. The one or the 


ch 2 oh 


Ii 

c - 0 

1 

+ [ 0 ] — > 

1 

ch 2 gh 

ch 2 oh 

mo, 

and ferric 
salts 

CH 2 OH 

glycollic 

aldehyde 

H 

C - 0 

I 

+ 2 [ 0 ] — ► 

1 

ch 2 oh 

hno 3 

II 

0 


glyoxal 

other is formed depending on the nature of the oxidizing agent. 
When treated with alkali, glyoxal undergoes an internal Canniz- 
zaro reaction (p. 128). In this interesting reaction one aldehyde 
group is oxidized to an acid group and the other reduced to a 
primary alcohol. The product is the sodium salt of a hydroxy 
acid, glycollic acid; the free acid is also formed by the careful 
oxidation of glycollic aldehyde: 


CHO NaOH 

ch 2 oh 

{ — 

1 

CHO 

COONa, 

glyoxal 

sodium salt of 


glycollic acid 

ch 2 oh 

CH2OH 

1 + [0] 

| 

CHO 

COOH. 


Glyoxal is best prepared from acetaldehyde by heating with 
selenium dioxide: 

CH 3 CHO -f Se0 2 — >■ CHOCHO + Se + H 2 0. 

This oxidation reaction is applicable to all aldehydes and ketones 

which have the linkage — CH 2 C = 0. Thus, with butyraldehyde 
a similar oxidation occurs: 

CH 3 CH 2 CH 2 CHO + Se0 2 — CH 3 CH 2 COCHO + Se + H 2 0. 

It should be noticed that the hydrogens of the alpha carbon atom 
are attacked and not the hydrogen attached to the easily oxidized 
carbonyl group. This remarkable reaction must be connected in 
some way with the peculiarities of the alpha carbon atom which 
we have previously discussed (p. 118). 


194 THE CHEMISTRY OF ORGANIC COMPOUNDS 

Glyoxal exists in several polymeric modifications. The pure 
compound is a green gas with a pronounced irritating odor. In 
water solution it is hydrated and exists probably entirely as 
CHOCH(OH) 2 . Several solid polymers are known which are 
formed on evaporating the solution. Both glyoxal and glycollic 
aldehyde react with the usual reagents which are used for char- 
acterizing aldehydes and ketones. 

Glyoxylic Acid, CHOCOOH, is the aldehydic acid corresponding to ethylene 
glycol. It is formed by the oxidation of ethylene glycol or better glycollic 
acid, or by the slow hydrolysis of chloral (p. 125) with water at an elevated 
temperature: 

CHO H 2 0 CHO CHO 

CC1 3 heated C(OH ) 3 COOH. 

Glyoxylic acid is hydrated and the anhydrous form is not known. Its formula 
should therefore probably be written CH(OH) 2 COOH. In water solution it 
shows the t 3 ^pical reactions of an aldehyde. On treatment with alkali it 
undergoes the Cannizzaro reaction forming glycollic acid and oxalic acid : 

2CHOCOOH + 3NaOH — ^ CH 2 OHCOONa + (COONa)* -f 2H a O. 

Pyruvic Acid. The oxidation products of propylene glycol, 
CH 3 CHOHCH 2 OH, are the simplest representatives of the ke- 
tonic alcohols, aldehydes, and acids (n = 0 in the second classifi- 
cation on p. 192). Pyruvic acid, CH 3 COCOOH, is thus to be 
regarded as the final member of the following series: 

CH 3 CHOHCH 2 OH CH 3 COCH 2 OH ch 3 cocho ch 3 cocooh. 

propylene glycol acetol methyl glyoxal pyruvic acid 

Although each member of this group may be prepared from 
propylene glycol, by an oxidation process (or series of processes), 
it is more convenient to prepare them by special methods. For 
example, pyruvic acid is conveniently prepared by heating racemic 
tartaric acid (p. 226); hence it is often called pyroracemic acid; 
the reaction involved is complicated. Pyruvic acid is a substance 
of considerable importance to the biochemist, since it is probably 
an intermediate product in the changes which sugars undergo in 
the animal organisms. 

Pyruvic acid is a liquid boiling at 165° and solidifying at 14°. 
It has an irritating odor. It is miscible in water in all propor- 
tions. Although it contains no aldehyde group or secondary 
alcohol group, it is easily oxidized with the evolution of carbon 
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dioxide. For this reason it reduces an ammoniacal solution of 
silver nitrate: 

CH 3 COCOOH + [O] — > CHsCOOH + C0 2 . 

QUESTIONS AND PROBLEMS 

1. Write balanced equations showing: (a) two general methods of prepar- 
ing glycols; (b) the saponification of tristearin; (c) the hydrogenation of 
triolein. 

2. How do the following differ chemically : a lubricating oil, oil of winter- 
green, cottonseed oil, linseed oil, beeswax, tallow? What are the industrial 
uses of the last four? 

3. What simple method could you employ to decide whether a certain oil 
was a vegetable oil or a petroleum product? 

4. Describe briefly the methods now employed for preparing “ stearin ” 
and soap from cottonseed oil. What important substance is a by-product? 
For what is it used? 

5. Write structural formulas for: tripalmitin, methyl butyrate, oleic acid, 
isopropyl formate, nitroglycerine, propyl propionate, ethylene oxide, 1, 4-diox- 
ane, trimethylene glycol. 

6. A certain oil is known to be either a vegetable oil or a mixture of a 
mineral oil and tallow. How could you decide between the two possibilities? 
By what experiments would it be possible to distinguish (a) cottonseed oil 
from a mixture of tallow and linseed oil; (b) butter from a mixture of lard 
and cottonseed oil; (c) a stearic acid candle from a paraffin candle? 

7. What peculiar properties has a “ drying oil ”? For what are such oils 
used? 

8. Write equations showing: (a) the preparation of pinacol; (b) the oxida- 
tion of pyruvic acid; (c) three reactions of ethylene oxide of industrial impor- 
tance; (d) the preparation of glyoxal; (e) an example of an internal Can- 
nizzaro reaction; (f) the rearrangement of pinacol to pinacolone. 

9. Write structural formulas illustrating the following terms: a glyceride, 
a beta ketonic acid, a 1, 3-diketone, a chlorohydrin, a 1, 4-glycol. 

10. Compare the structural formulas and chemical and physical properties 
of the following natural products: lecithin, carnauba wax, triolein, arabitol, 
tristearin. 


CHAPTER X 
DIBASIC ACIDS 

A variety of organic acids have been isolated from plants and 
fruits. These are for the most part acids with two carboxyl 
groups (dibasic acids), or with a hydroxyl group in addition to 
the carboxyl group (hydroxy acids). We shall consider these 
compounds in this and the following chapter. A few of these 
acids are relatively inexpensive because they can be readily 
manufactured from natural sources or prepared synthetically. 
They are used in the laboratory and in the industry for a number 
of different purposes. 

Dibasic Acids 

Acids which have two replaceable hydrogen atoms are called 
dibasic acids. An homologous series of dibasic acids starts with 
oxalic acid, (COOH)a, and may be represented by the general 
formula (CH 2 )„(COOH) 2 . The first nine members are listed 
below: 


Dibasic Acids 


Name 

Formula 

Melting 

Point 

Solubility Grams 
per 100 Grams 
of Water at 20° 

Oxalic 

(COOH) 2 

189°* 

8.7 

Malonic 

HOOCCEUCOOH 

136° 

74 

Succinic 

HOOCCH 2 CH 2 COOH 

181° 

6 

Glutaric 

HOOCCH 2 CH 2 CH 2 COOH 

98° 

64 

Adipic 

! HOOC(CH 2 )4COOH 

153° 

2 

Pimelic 

HOOC(CH2) 6 COOH 

105° 

5 

Suberic 

HOOC(CH 2 ) 6 COOH 

144°' 

0.2 

Azelaic 

HOOC(CH 2 ) 7 COOH 

106° 

0.3 

Sebacic 

HOOC(CH 2 ) 8 COOH 

134° 

0.1 


* Anhydrous acid; the hydrate loses its water at about 100°. 


General Properties. All these acids form two types of salts, 
neutral salts and acid salts. For example, potassium oxalate 
(COOK) 2 and acid potassium oxalate HOOCCOOK. It will be 
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noticed that, unlike most of the simple compounds hitherto 
studied, these substances are solids. As would be expected from 
the predominance of the carboxyl groups, the lower members 
are soluble in water. 

The melting points and solubility in water show an alternation 
as we proceed up the series. This is shown by the values in the 
table and in Fig. 21. The acids with an even number of carbon 
atoms are higher melting and have a lower solubility; with 
increase in molecular weight the melting point decreases. The 



melting points of the acids with an odd number of atoms at 
first decrease and then increase. The two series finally appear 
to converge. This complex relationship is different from the 
regular and gradual increase in boiling points so often noted in 
other series. As a general rule, the melting points of organic 
compounds do not show the same regular change in an homologous 
series as do the boiling points. 

Oxalic Acid 

Preparation of Sodium Oxalate. The first member of the 
series occurs in many plants, usually as the acid potassium salt. 
Thus, both rhubarb and sorrel contain considerable quantities 
of oxalates. The acid has been an article of commerce for many 
years. Its sodium salt was formerly prepared by fusing sawdust 
with a mixture of sodium and potassium hydroxides and leaching 
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out the sodium oxalate from the partially charred mass. Evap- 
oration of the solution yielded sodium oxalate. The modem 
method consists in heating sodium formate to 200°; at this tem- 
perature hydrogen is evolved. 

200 ° 

2HCOONa — 5- (COONa) 2 + H* 

Sodium formate is prepared from sodium hydroxide and carbon 
monoxide (p. 85). Thus, the modern industrial synthesis of 
sodium oxalate is essentially a synthesis from coal and sodium 
hydroxide. 

Preparation of Soluble Non-Volatile Acids from Salts. To obtain the free 
acid from the sodium salt, it is necessary to proceed in a special manner which 
we have not hitherto encountered. Oxalic acid can not be distilled without 
decomposition; it is soluble in water and insoluble in such solvents as ether 
and chloroform. Because of these physical properties the usual methods of 
obtaining an acid from its salts can not be employed (p. 81). Therefore, the 
calcium salt is prepared by adding lime to an aqueous solution of sodium oxa- 
late. Calcium oxalate is insoluble and precipitates. The precipitate is 
filtered off and treated with the calculated quantity of dilute sulfuric acid. 
Calcium sulfate and oxalic acid are formed; the former, being insoluble, can be 
filtered off. Oxalic acid crystallizes from the filtrate on evaporation. A 
similar procedure must be adopted in preparing acids from salts in every case 
in which the acid is soluble in water and can not be distilled or extracted from 
the solution. 

Chemical Behavior of Oxalic Acid. Oxalic acid crystallizes 
with two molecules of water, which it loses when heated to 100°. 
The anhydrous acid sublimes with partial decomposition above 
150°. On rapid heating the decomposition is complete, the 
products being formic acid, carbon dioxide, carbon monoxide, 
and water: 

heated 

COOH X hcooh + co 2 

I < 

COOH \C0 + C0 2 + H 2 0. 

In the presence of sulfuric acid the decomposition takes place 
rapidly when the mixture is slightly warmed; carbon monoxide, 
carbon dioxide, and water are the products. 

Oxalic acid like formic acid is easily oxidized to carbon dioxide 
and water. In acid solution potassium permanganate is reduced 
to manganous salts by oxalates: 

5(COOH) 2 + 2KMn0 4 4- 3H 2 S0 4 — > K 2 S0 4 + 2MnS0 4 + 10CO 2 + 8H 2 0. 
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This reaction is often used in quantitative analysis. Large 
quantities of oxalic acid and its salts are used in laundry work 
for removing iron stains and ink spots. Oxalic acid is oxidized 
by the ferric compounds, and they in turn are reduced to the 
more soluble ferrous salts. 

The characteristic reactions of the fatty acid series are also 
typical of the dibasic acids. Thus, oxalic acid when treated with 
phosphorus pentachloride forms the acid chloride, oxalyl chlo- 
ride, C1COCOC1. When heated with an alcohol, first one car- 
boxyl group and then the other is esterified. The compounds 
which have one unesterified carboxyl group are usually desig- 
nated as 

ROH ROH 
(COOH) 2 — ^ COOR — COOR 
I I 

COOH COOR 

acid esters; those in which the esterification is complete, neutral 
esters. Since the latter are the most common representatives 
of the esters of dibasic acids, they are usually named without 
any prefix to indicate the number of ester groups. Thus ethyl 
oxalate is C2H5OOCCOOC2H5, the neutral ester. 

The alkali metal salts and the ammonium salts of oxalic acid are somewhat 
soluble in water. None of these compounds are very soluble, however; thus 
one of the most soluble, ammonium acid oxalate, (NH4HC2O4.IH2O), dissolves 
only to the extent of 1 part in 16 parts of water at 12°. The diammonium and 
disodium salts are only about half as soluble as this, and the sodium and potas- 
sium acid salts are only sparingly soluble in cold water. A peculiar compound, 
potassium tetraoxalate, KHC2O4. H2C2O4. 2 H 2 O, readily crystallizes on cooling 
an aqueous solution of potassium oxalate and oxalic acid in the correct pro- 
portions. This salt is often used as a standard in analytical chemistry since 
it can be readily purified by crystallization. The oxalates of the alkaline 
earths are very little soluble in water, calcium oxalate being particularly 
insoluble (5 milligrams per liter at 18°); they dissolve in mineral acids since 
oxalic acid is somewhat weaker than the very strong acids. 

Oxalic acid is a surprisingly strong acid; the value of Ka is 9 X 10” 2 . Its 
position in the diagram shown on p. 83 would be just above dichloroacetic 
acid. The next member of the series, malonic acid, is much weaker, 
Ka - 1.6 X 10 - " 3 (the position of chloroacetic acid on the diagram); the 
higher members of the series are only slightly stronger than acetic acid. 
(Succinic acid, Ka “ 6.9 X 10” 5 , glutaric acid, Ka = 5.3 X 10“ 5 , adipic, 
Ka ~ 4.2 X 10~ 5 , pimelic, Ka = 3.4 X 10~“ 5 , as compared with acetic of 
1.86 X 10- 5 .) 
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Malonic Acid 

Preparation from Chloroacetic Acid. Malonic acid is pre- 
pared by a series of reactions starting with acetic acid. These 
illustrate several general principles in regard to the synthesis 
of complex acids. The first step is the preparation of chloroacetic 
acid (p, 100). The sodium salt of chloroacetic acid reacts with 
sodium cyanide exactly like an alkyl halide; the product is the 
sodium salt of the half nitrile of malonic acid (cyanoacetic acid) : 


CHsCICOONa + NaCN 


CN 

ch 2 / 

\x>ONa 


+ NaCl. 


This nitrile on hydrolysis yields malonic acid: 


CH 2 ' 


/ 


CN 


V 


+ 2H 2 0 + HC1 - 


•CHa 


/ 


coon 


COOH 


\ 


+ NH4C1. 


COOH 


Loss of Carbon Dioxide on Heating. Like oxalic acid, malonic 
acid loses carbon dioxide on heating. In this case the other 
product is acetic acid : 

150 ° 

CH 2 (COOH) 2 — ^ CHsCOOH + C0 2 . 

The simple fatty acids and the higher members of the dibasic 
acid series do not decompose in this way on heating. As a rule 
the carboxyl group is a stable arrangement of atoms and does 
not undergo a change even at 200°. The presence of certain 
kinds of atoms or groups on the carbon atom holding the car- 
boxyl group, however, alters this situation. Three halogen 
atoms have much the same influence as an additional carboxyl 
group; trichloroacetic acid, CCI3COOH, loses carbon dioxide 
rapidly on boiling its water solution: 

CCbCOOH — CHCh + C0 2 . 

Malonic Esters. The esters of malonic acid, for example, 
ethyl malonate, CH2(COOC 2 H s )2, are extensively used in the 
synthesis of compounds in the laboratory. A consideration of 
such syntheses involves, however, a discussion of the peculiar 
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properties of certain esters and will be postponed until Chap. 
XIII. Malonic esters are prepared directly from cyanoacetic 
acid by boiling it with alcohol and acid : 

CN 

CH^ + 2C2H5OH + H 2 S 0 4 — ^ CH2(COOC 2 H 5 )2 + NH4HSO4. 

XoOH 


The Higher Dibasic Acids 


Oxalic acid and malonic acid differ from the other members 
of the dibasic acid series in some of their reactions and in their 
method of preparation. The other members of the series have 
similar chemical properties and may be all prepared by the same 
general methods. 

General Methods of Preparation. The dibasic acids may be 
prepared by oxidizing the corresponding glycols. In a general 
form we may express this fact by the following equation: 


CH2OH 


(CH.)» 


/ 


\ 


+ 4 [ 0 ]- 


CH2OH 


(CH,)» 


/ 


coon 


V 


+ 2H 2 G. 


COOH 


The dibasic acids are conveniently prepared from the glycols 
with two less carbon atoms by the preparation of the dibromide, 
the dinitrile, and hydrolysis. This method is illustrated by the 
synthesis of succinic acid from ethylene glycol: 

CH2OH HBr CH a Br NaCN CH 2 CN HC 1 CH*COOH 
CH2OH CH 2 Br * CH 2 CN 3 M CHaCOOH. 

The Grignard method of preparing acids from the corresponding 
halides can be used for preparing dibasic acids. The dihalides 
above trimethylene bromide react with magnesium in absolute 
ether to form dimagnesium derivatives which combine with two 
moles of carbon dioxide. When this sequence of reactions is 
applied to 1, 5-dibromopentane, 50 per cent yield of pimelic 
acid is obtained. 

The electrolysis of the acid esters of the dibasic acids provides 
a method of nearly doubling the length of the chain. By this 
method a number of dibasic acids of very high molecular weight 
have been prepared; the yields are often rather poor, however. 
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As an example, the preparation of adipic ester from the acid ester 
of succinic acid may be given: 


2 


CH 2 COOC 2 H 5 at the 
CH 2 COO“* anode 


CH 2 COOC 2 H 6 

I 

(CH 2 ) 2 


+ 2CO2 + 2 electrons. 


CH 2 COOC 2 H 6 

ethyl ester of 
adipic acid 


Succinic Acid. This is the only one of the higher dibasic acids 
which is a common substance. It occurs in amber (a fossil gum), 
and was originally prepared by the distillation of this material. 
It has been isolated from a variety of plants, certain animal 
tissue, and the urine of animals. It seems to play an important 
role in the plant and animal life since it is widely distributed, but 
its biochemical mode of formation is not entirely clear. It may 
be prepared from ethylene glycol by the series of reactions out- 
lined in the preceding paragraph. It is prepared industrially 
by the electrolytic reduction of fumaric acid (p. 284) : 

HOOCCH = CHCOOH + 2[H] — > HOOCCH 2 CH,COOH. 

fumaric acid 

Cyclic Anhydrides 

Succinic acid and glutaric acid differ from all the other mem- 
bers of the series (CH 2 )„(COOH) 2 , by the fact that they readily 
form cyclic anhydrides. This may be illustrated by the prepara- 
tion of ■ succinic anhydride. 

Succinic Anhydride. Succinic anhydride, (CH 2 C0),0, is a 
white, crystalline solid (imp. 120°) obtained by heating* succinic 
acid alone or with dehydrating agents such as acetic anhydride 
or phosphorus oxychloride (POC1*) : 

O 

CHoCOOH CH 2 - 

heated I 

— 1 o + h 2 o. 

CHsCOOH CH 2 - 



This anhydride differs from acetic anhydride in that the two ' 
acyl groups are part of the same molecule. Obviously such cyclic 
anhydrides can be formed only from polybasic acids. 
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Dehydration of Dibasic Acids. Oxalic acid on dehydration 
decomposes into carbon monoxide and dioxide while malonic 
acid yields a gas carbon suboxide 0 = C = C = C = 0 instead 
of a cyclic anhydride. Adipic acid and the higher acids on 
dehydration first yield an anhydride of high molecular weight. 

It should be noticed that in the dehydration of dibasic acids, water may be 
lost in several ways. Dehydration may occur within one molecule to form a 
cyclic anhydride (as in the case of succinic and glutaric acids) or between two 
or more molecules. The latter process may continue so that many molecules 
participate to give a long chain anhydride. Such compounds obtained from 
adipic acid by dehydrating agents may be formulated as follows: 

y° y° /° y° y° /° 

- (CH 2 ) 4 C - O - C - (CH ; )-C - 0 - C - (CH 2 ) 4 - C - O - C - (CH 2 ) 4 - 

(Molecular weight may be over 5000) 

By heating in a very high vacuum, these substances can be broken down to the 
cyclic anhydride. The cyclic anhydrides of the dibasic acids above glutaric, 
however, are quite unstable. When they are treated with small amounts of 
strong acids as catalysts, they readily revert into the form with a high molecu- 
lar weight. The anhydrides of high molecular weight are usually called poly- 
mers although originally this term was limited to such cases as that of formal- 
dehyde, where the simple compound and the complex compounds have the 
same empirical formulas. Since the basic structure of the polymer of formalde- 
hyde (p. 113) and the anhydrides of high molecular weight is the same, the use 
of the term polymer has been extended. We now recognize two classes of 
polymers: (1) those in which the large molecule is built up by the additive 
combination of the monomer (paraformaldehyde, rubber) and (2) those in 
which the condensation of the molecules to form long chains involves the 
elimination of water. 


The peculiar behavior of succinic and glutaric acids is con- 
nected with the fact that the ring in their anhydrides contains 
five and six atoms. In general we shall find that compounds 
containing five- and six-membered rings are usually more easily 
prepared than those with larger or smaller ring systems. 



5-membered ring; 6-mem bered ring; 

succinic anhydride glutaric anhydride 
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Some of the dibasic acids which may be regarded as derivatives 
of succinic acid or glutaric acid also form anhydrides, though 
this is not invariably the case. Thus no cyclic anhydride can 
be obtained directly from the chloro or bromosuccinic acids. 
On the other hand, the alkyl derivatives readily form anhy- 
drides. 

Reactions of Cyclic Anhydrides. In their reactions the cyclic 
anhydrides closely resemble the simple acid anhydrides. They 
are hydrolyzed by water with the formation of the corresponding 
acid; alkali is usually needed to catalyze this reaction and in a 
few cases to complete it: 

CH 2 CO 

\ CH 2 COONa 

O -f* 2NaOH — > I 4 H 2 0. 

/ CHsCOONa 

CH2CO 

With alcohol an acid ester is formed which on further boiling 
with alcohol yields the neutral ester: 

ch 2 co 

\ ch 2 cooc 2 h 5 c 2 h 5 oh ch 2 cooc 2 h 6 

O 4 C 2 H 6 OH — > I — I 

/ CHaCOOH CH2CGOC2H5. 

CH 2 CO acid ester of suc- 

' cinic acid 


Amides of Dibasic Acids 


The general method of preparation of the amides of the dibasic 
acids follows the reactions outlined in connection with a con- 
sideration of the amides of the fatty acid. Succinic acid and 
glutaric acid occupy an exceptional place, as here cyclic com- 
pounds known as cyclic imides may be formed. 

Oxamide and Oxamic Acid. The diamide of oxalic acid, 
oxamide, (CONHOa, is a white crystalline powder, insoluble in 
water and alcohol. It sublimes on heating with partial decompo- 
sition. It can be formed by the action of ammonia on ethyl 
oxalate or by heating ammonium oxalate: 


COOC 2 H 6 

! 4 2 NHs — > 

COOC 2 H 5 


conh 2 

I 

CONH2 


+ 2 C 2 H 5 OH. 


oxamide 
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The acid amide of oxalic acid, HOOCCONH 2 , is known as 
oxamie acid. It is both an amide and an acid. It is prepared by- 
heating* ammonium acid oxalate: 

COOH COOH 

CGONH* conh 2 . 

oxamic acid 


Succinamide and Succinimide. The diamide of succinic acid, 
(CH 2 ) 2 (CONH 2 ) 2 , is a crystalline solid which is formed by the 
action of ammonia on ethyl succinate : 

CH 2 COOC 2 H 5 CHaCON H 2 

! 4- 2NH 3 — > I + 2C 2 H 8 OH. 

ch 2 cooc 2 h 5 ch 2 conh 2 

succinamide 


When succinamide is heated it loses ammonia and forms the 
cyclic compound known as succinimide. This is a crystalline 
solid melting at 126° and readily soluble in water. 


ch 2 conh 2 

ch 2 conh 2 


o 

✓ 

ch 2 c 

^NH + NH 5 . 

/ 

CHoC 

\ 

succinimide 


Succinimide may also be formed from succinic anhydride by the 
following reactions : 


CH 2 CO 

\ 


ch 2 co 


:o+nh 8 


cold 


ch 2 conh 

H 


CH 2 CO 


ch 2 co 


200 


OH 


\ 


:NH 


CH 2 CO 


succmamie 

acid 


The isolation of the intermediate (succinamic acid) is not nec- 
essary if the reaction is carried out at high temperatures. Glu- 
tarimide is prepared in a manner similar to succinimide. 

The cyclic imides on boiling with aqueous acids or bases are 
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hydrolyzed with the formation of the acid and ammonia. The 
first product of the hydrolysis is the acid amide which can be 
isolated under suitable conditions: 

CH,CO TT __ CH.COOH CH 2 COOH 

j \ H 2 0 i H 2 0 I 

ch 2 nh — ^ ch 2 — CH 2 

I / \ I 

CH 2 CO CH 2 CONH 2 ch 2 coonh 4 . 

The presence of two acyl groups on the nitrogen atom of suceinimide makes 
the hydrogen atom more acidic than in a simple amide. Although the com- 
pound is neutral in water solutions, it will readily form a sodium or potassium 
salt. Such salts of the cyclic imides are somewhat hydrolyzed by water but 
not decomposed by alcohol (except slowly as the alcohol causes the opening 
of the ring). 


QUESTIONS AND PROBLEMS 

1. Outline the procedures for obtaining the free acids from the potassium 
salts of oxalic and propionic acid. Explain reasons for the procedures you 
propose. 

2. Outline the synthesis of the following: (a) oxalic acid from the ele- 
ments; (b) malonic ester starting with calcium carbide; (c) glutaric acid 
from glycerol; (d) glutaric acid from succinic acid. 

3. Write balanced equations for the following reactions: (a) oxalyl chlo- 
ride and ethyl alcohol; (b) malonic acid heated; (c) glutaric anhydride and 
ammonia; (d) suceinimide and ethyl alcohol; (e) hydrolysis of glutarimide; 
(f) ethyl oxalate and ammonia. 

4. Compare the preparations and chemical properties of propionamide, 
oxamide, and suceinimide. To what is due the increased acidity of the latter 
compound as compared to amides? 

5. (a) Outline the general methods of preparing the dibasic acids; (b) 
indicate by equations the action of dehydrating agents on the dibasic acids 
of the homologous series up to pimelic acid. 

6. Write equations showing all the steps in the preparation of crystalline 
oxalic acid from carbon monoxide and sodium hydroxide. 

7. A certain acid is decomposed on heating, is very soluble in water but 
insoluble in organic solvents. Devise a method of preparing it from its 
sodium salt if the lead salt is insoluble in water. 

8. Write equations illustrating what you think would happen if you 
heated the following solids above their melting points: CH 3 CH(COOH) 2 
CH 3 CH(COOH)CH 2 COOH. 

9. Compare the action of dehydrating agents on oxalic acid and succinic 
acid. 


CHAPTER XI 


HYDROXY ACIDS 

One or more hydrogen atoms of the fatty acids or of the dibasic 
acids may be replaced by hydroxyl groups. The resulting com- 
pounds are known as hydroxy acids. They are both acids and 
alcohols and in general have the reactions of both classes of 
compounds. A number are of commercial importance, and of 
interest to the biochemist as they occur in plants and animals. 
It will be recalled that there is no method for directly substituting 
a hydrogen atom of a paraffin hydrocarbon by an hydroxyl group. 
Similarly w T e find that the hydroxy acids can not be prepared 
directly from the fatty acids. The preparation of the hydroxy 
acids usually proceeds from the corresponding halogen compounds 
— chloro or bromo acids. We shall, therefore, first consider these 
classes of substances (which are of minor importance by them- 
selves), and then turn to the hydroxy acids which may be prepared 
from them. 

Halogen-Substituted Acids 

Classification and Nomenclature. The methods of preparation 
and reactions of the acids containing a halogen atom differ ac- 
cording to the position of the atom. It is usual to indicate the 
position of an atom or group in a substituted fatty acid by means 
of a Greek letter. The lettering starts with the carbon atom next 
to the carboxyl group . The method is illustrated by the following 
examples : 

CH3CH2CHCICOOH, tt-ehlorobutyric acid, 

y & « 

CH2BrCH 2 CH2COOH, 7-broinobutyric acid, 

7 P * 

CHsCHBrCHBrCOOH, <2, /?-dibromobutyric acid. 

In the case of dibasic acids, it is common practice to designate 
the two carbon atoms next to the two carboxyl groups as a and 
a! and continue the lettering in the two directions until they meet. 
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Thus, HOOCCBr 2 CH 2 COOH is a. a-dibromosuccinic acid and 
HOOGCHBrCHBrCOOH is a , a-dibromosuccinic acid. 

Preparation of Bromo and Chloro Acids. The preparation 
of alpha halogen acids from the fatty acids has already been con- 
sidered (p. 100). Beta, halogen acids may often be prepared by the 
addition of halogen acids to unsaturated acids, while a, /3-dibromo 
or dichloro (but not diiodo) acids are formed by the addition of 
bromine or chlorine to the same acid. The behavior of acrylic 
acid (p. 279) will suffice as an example. 


CH 2 - CHCOOH 

acrylic acid \ 


HBr 


CH 2 BrCH 2 COOH 


Br 2 


CH 2 BrCHBrCOOH. 

It should be noted that this addition is contrary to Markownikoff’s 
rule which applies only to hydrocarbons. The halogen atom 
always goes to the p position when acids containing the linkage 
g-g-UJOH react with halogen acids (see further, p. 280). 

Acids containing halogen in the /3 or 7 position may also be prepared from 
the glycols, which m turn may be synthesised by a variety of methods (p. 178) 

syssi' * - 

HCl r 0 ] 

CH 2 OHCH 2 CH 2 OH — > CH.CICH2CH2OH — > CH2CICHUOOH 

hno 3 

•*»» “ ** •«* 

Halogen acids having the substituent atom on the end of the chain are some 
times known as omega (.) halogen acids. They may be prepared fromTht 
corresponding chloro or bromohydrins. 7 P P “ the 

. Ph | yS1 ^ al 1 Pr °P er ties. The physical properties of some of the 
simpler halogen substitution products of the fatty acids are given 
m the accompanying table. The alpha halogen acids and their 
esters have a marked physiological action. The esters of the 
alpha-substituted acids are lachrymatory substances like the 
halogenated aldehydes and ketones. Trichloroacetic acid is used 
in medicine as a corrosive agent for removing the outer tissues as 
required m the treatment of corns and warts. (It is manufactured 
by the cautious oxidation of chloral. ) d 
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Physical Properties of Some Chloro-, Bromo-, and Iodo- 
Acids and Esters 


t 

Name 

Formula 

Melt- 

ing 

Point 

Boil- 

ing 

Point 

. Chloroacetic acid 

CH 2 CICOOH 

62° 

189° 

r Bromoacetic acid 

CH 2 BrCOOH 

50° 

208° 

| Iodoacetic acid 

CHoICOOH 

83° 


Dichloroacetic acid 

CHCbCOOH 

1 r 

194° 

; Trichloroacetic acid 

CClsCOOH 

55° 

200° 

i «-chloropropionic acid 

CHsCHClCOOH 


186° 

| /3-chloropropionie acid 

CH 2 C1CH 2 COOH 

41° 

204° 

If Halo esters 




Ethyl chloroacetate 

CH 2 C1C00C 2 H 6 


144° 

! Ethyl dichloroacetate 

CHC12COOC2H5 


158° 

Ethyl trichloroacetate 

CC 13 COOC 2 H 5 


168° 


The influence of a halogen atom in the alpha position on the 
strength of the acid is very marked. Trichloroacetic acid is nearly 
as strong as hydrochloric acid in water solution. The mono and 
I dichloro acetic acids are not so strong (see diagram, p. 84). 

If the halogen atom is removed from the carboxyl group by one or 
more atoms the effect on the dissociation constant is very slight. 
f Reactions of Alpha Halogen Acids. A halogen atom in the 

! alpha position to a carboxyl group is readily replaced by a variety 

| of groups. In general, the rate of such metathetical reactions is 

considerably more rapid than with the alkyl halides themselves. 
The esters of the < 2 -halogen acids enter into exactly the same type 
of metathetical reactions. The following reactions of a-bromo- 
propionic acid will illustrate the common and useful reactions: 

(a) Preparation of hydroxy add : 

AgOH 

CH 3 CHBrCOOH — ^ CH3CHOHCOOH. 

^ or KOH 

[ (b) Preparation of amino add: 

NH S 

CH 3 CHBrCOOH — > CH 3 CHNH 2 COOH. 

(e) Preparation of cyano add (half nitrile of a substituted 
malonic acid): 

CHsCHBrCOOH + KCN — > CH 3 CHCNCOOH + KBr. 


{ 

r 
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A Grignard reagent can not be prepared from the halogen-substituted acids 
or their esters whether the halogen be in the alpha or any other position. 
The alpha bromo esters, however, form an organo-zinc compound similar to 
a Grignard reagent. This compound will add to the carbonyl group of alde- 
hydes and ketones but not of esters. This is known as the Reformatsky 
reaction. It may be illustrated by the following example: 

BrCH 2 COOC 2 Hs + Zn — ^ BrZnCH 2 COOC 2 H 6 , 

OZnBr 

(CH 3 ) 2 CO + BrZnCH,COOC 2 H 5 — > (CH 3 ) 2 C^CH 2 COOC 2 H 6 , 
OZnBr 

/ HoO 

(CH 3 ) 2 C-CH 2 COOC 2 H 6 — > (CH 8 ) 2 C(OH)CH 2 COOC 2 H 6 . 

Hydroxy Acids 

The important hydroxy acids which occur in nature are listed 
in the table which follows. 


Some Important Hydroxy Acids 


■ Name 

Formula 

Occurrence 

Malic acid 

CHOHCOOH 

1 

CHaCOOH 

Unripe fruits, gooseberries, rhu- 
barb stalks, unripe grapes, 
cherries, tomatoes. 

Lactic acid 

CHsCHOHCOOH 

Sour milk, in muscle after 
activity, beet molasses, in 
blood and urine. 

Citric acid 

CHsCOOH 

/ 

COH(COOH) 

\ 

CH 2 COOH 

All citrus fruits. 

Glycollie acid 

CH 2 OHCOOH 

Chief acid constituent of sugar 
cane; present in beet juice; 
unripe grapes. 

Tartaric acid 

CHOHCOOH 

I 

CHOHCOOH 

Argol (in wine casks) (mono- 
potassium salt). 

Beta hydroxy- 
butyric acid 

CH 3 CHOH 

1 

CHoCOOH 

Urine from those suffering with 
diabetes. 
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Nomenclature. The acids listed above, with one exception, 
have the hydroxyl group adjacent to a carboxyl group; they are 
called alpha hydroxy acids. The position of a hydroxyl group 
like that of a halogen atom is indicated by a Greek letter. 

Synthesis. The synthetic production of alpha hydroxy acids 
in the laboratory is possible by two different procedures which 
are illustrated by the synthesis of a-hydroxypropionic acid, — 
lactic acid. 

(1) We may start with the alpha chloro acid and replace the 
chlorine atom with hydroxyl: 

Cl* AgOH 

CH3CH0COOH — CH3CHCICOOH — ^ CH3CHOHCOOH. 

(2) We may start with an aldehyde, add hydrocyanic acid 
(p. 211) and then hydrolyze the hydroxy nitrile: 

IIC 1 

CH3CHO + HCN — > CHaCHOHCN — > CH3CHOHCOOH. 

H *0 

a hydroxy nitrile 
or cyanohydrin 

The Beta and Gamma hydroxy acids may be readily prepared 
from the corresponding halogen compounds. For example, 
p-hydroxypropionic acid, hydracrylic acid, may be prepared from 
/3-iodopropionic acid: 

AgOH 

CH2ICH2COOH — >- CH2OHCH2COOH. 

Hydroxy acids may also be prepared by the reduction of the 
corresponding keto acid if this is available. This method is 
illustrated by the preparation of 0-hydroxybutyric acid from 
acetoacetic acid: 

CH3COCH2COOH + 2 [H] — ^ CH3CHOHCH2COOH. 

acetoacetic acid 

The use of the Reformatsky reaction in the synthesis of beta hydroxy esters 
has been mentioned above (p. 210). The hydroxy acids are readily obtained 
from the esters by hydrolysis. 

Glycollic Acid. The simplest representative of the hydroxy 
aeids occurs in unripe fruits. It is a crystalline solid melting at 
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80° and very soluble in water. It may be prepared by the action 
of dilute alkali on monoehloroacetic acid or by merely boiling a 
. solution of this acid with water: 

heated 

CH 2 C1C00H + H 2 0 — s- CHsOHCOOH. 

Lactic Acid. Lactic acid, CH s CHOHCOOH, is formed when 
milk sours, according to the following reaction: 

enzyme 

C,2H2*Ou + H 2 0 — ^ 4CHsCHOHCOOH. 

milk sugar lactase 

For industrial purposes lactic acid is either isolated from sour 
milk or made by a bacterial fermentation of glucose. It is an 
oily liquid which is difficult to obtain pure. Two isomeric forms 
of lactic acid are considered in the next chapter. It is used in 
dyeing, and its ethyl ester is a commercial solvent. 

From the point of view of the biochemist, lactic acid is a very 
important compound. The energy necessary for muscular action 
appears to be normally supplied by the decomposition of glycogen 
(p. 316) to lactic acid. Glycogen is a carbohydrate similar to 
starch ; it is stored in the liver and carried by the blood stream to 
the muscle. A complicated series of reactions are involved in the 
change of glycogen to lactic acid (p. 314). Following the con- 
traction of the muscle, the lactic acid disappears from the muscle 
by diffusion into the blood stream and by oxidation. 

Dehydration of Hydroxy Acids. The general chemical char- 
acteristics of hydroxy acids may be said to embody the properties 
of both an acid and an alcohol. Thus, as acids they form salts 
with bases and esters with alcohols; for example, sodium lactate 
is CH3CHOHCOON a, and ethyl lactate is CHsCHOHCOOCsHs. 
As alcohols, they form esters with acids; thus the acetate of lactic 
acid is formed from lactic acid and acetic anhydride: 

CH 3 CHOHCOOH + (CH 3 C0) 2 0— > CHsCHCOOH + CH 3 COOH. 

i 

OCOCH s 

It is obviously an interesting question as to whether a hydroxy 
acid can form an ester with itself. Such a reaction does, indeed, 
take place when alpha hydroxy acids are treated with dehydrating 
agents or merely heated alone for some length of time. The re- 


HYDROXY ACIDS 


213 


action may be illustrated with glycollic acid, the first member of 
the series: 


CH 2 0:*H HO:* CO 

I i 

C°;OH . .H-OCHa 

Similarly, lactic acid yields lactide on heating. The formation of 
cyclic double esters is a characteristic of alpha hydroxy acids. 

These cyclic esters on hydrolysis regenerate the hydroxy acid: 

CH 3 CH - 0 - CO H 2 0 

I I — 2CH 3 CHOHCOOH. 

OC 0 — CHCHs HCI or lactic acid 

lactide NaOH 

Beta hydroxy acids on heating with dehydrating agents usually 
lose water with the formation of unsaturated acids: 

heated 

CH 3 CHOHCH 2 COOH — > CH 3 CH = CHCOOH. 

acid catalyst 

Lactones. Gamma hydroxy acids lose water in a very inter- 
esting way, yielding cyclic esters formed from only one molecule of 
the acid. These compounds are called lactones. They are inner 
esters, and on hydrolysis yield the hydroxy acid. In the absence 
of base the reaction is a balanced one; in the presence of alkali 
the hydrolysis is complete by virtue of the neutralization of the 
acid: 

CH 2 CH 2 CH 2 CH 2 CH 2 CH 2 COOH. 
i { 1 

O C - O OH 

lactone, 7 -hydroxybutyric acid 

butyrolaetone 

The point of equilibrium between a lactone and the hydroxy acid 
is often very favorable to the former, and some gamma hydroxy 
acids can not be prepared as such. They are known only as salts 
or esters. 

Lactones are also formed from certain delta hydroxy acids but not readily 
from other hydroxy acids. This fact illustrates the same general rule encoun- 
tered in connection with the cyclic anhydrides — namely, the ready form- 
ation of five or six membered rings. Another method of preparing lactones 


-> CH 2 — O — C — G -f* 2H 2 0 
0 = C O — CH 2 

glycollide 
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is from ehloro or bromo acids. Acids having a halogen atom in the y position 
form lactones quite rapidly when a solution of their sodium salts stands a 
short time. This reaction is not reversible : 

CH 2 BrCH 2 CH 2 COONa — > CH 2 CH 2 CH 2 

I I 4 - NaBr. 

O C-0 

Hydroxy acids under conditions of inner esterification may also form esters 
between two molecules, or many molecules may esterify each other in such 
a way that a long chain polyester may result. This is the case with hydroxy 
acids in which the hydroxyl group is at least 5 carbon atoms removed from 
the carboxyl group. Thus, 9-hydroxy-nonanoic acid on heating alone or 
with a catalyst gives polyesters of molecular weights above 5,000. If, how- 
ever, an extremely dilute solution of an co-hydroxy acid (concentration below 
.0002 molar in benzene) is dehydrated, large ring lactones can be obtained. 
It is interesting to note that a very large ring lactone has been found in 
nature; it is ambrettolide, found in certain oils, the lactone ring contains 16 
carbon atoms. 

Oxidation of Alpha Hydroxy Acids. The alpha hydroxy acids 
are oxidized more rapidly and at a lower temperature than are 
secondary or primary alcohols. The reaction involves the loss of 
carbon dioxide and yields a ketone or aldehyde. Two examples 
are the following: 

CH 3 CHOHCOOH + [O] — > CH 3 CHO + H 2 0 4* C0 2 , 

KMn0 4 

(CH 3 ) 2 COHCOOH 4- [O] — > (CH 3 ) 2 CO 4” H 2 0 4- C0 2 . 

KMn0 4 

Structure of a Carbon Chain. The elimination of carbon 
dioxide from alpha hydroxy acids provides a method of degrading 
an acid step by step. In this way it is possible to determine the 
structure of the carbon chain in an acid. This reaction provides 
one of the best methods of “ going down the series/' and can also 
be used for preparative purposes. 

As a simple example of the application of this method we may 
consider the case of the two isomeric primary butyl alcohols. 
We have already established their structure by certain trans- 
formations (p. 138); but the methods there given would not be 
applicable to all problems of this sort. The step-by-step degra- 
dation is a perfectly general method, however. The application 
of the method involves the preparation of a hydroxy acid through 
the bromo acid, oxidation, and repetition of the series of reactions 


HYDROXY ACIDS 


215 


until a known acid or a ketone is the final product of the oxidation. 
The structure of this ketone shows the position of the branch in 
the chain. (If an acid is obtained that can not be brominated; 
this shows a double branch in the chain at this point.) 


[ 0 ] 

CH 3 CH 2 CH 2 CH 2 OH — >- CH 3 CH 2 CH 2 COOH 

1 Br 2 + P 
AgOH y 

(a) CH 3 CH 2 CHOHCOOH -<? — CH 3 CH 2 CHBrCOOH 

l ' 01 to, 

CH 3 CH 2 CHO — v CHsCHsCOOH. 

CH 3 r CH, 

\ CO] \ 

(b) ^CH-CH 2 OH — > ^CH-COOH 

CH 3 ch 3 

x Br 2 + P 

CH S r CH, 

\ [0] \ AgOH^ 

^.C = 0 < — ^GOHCOOH -<■ — (CH 3 ) 2 CBrCOOH. 

CH 3 CH 3 

a ketone 


In the actual application of this method it is usually only neces- 
sary to remove a few carbon atoms before the product is a sub- 
stance of known structure which may be identified. 

Citric Acid. One of the acids most widely distributed in 
nature is citric acid. It occurs particularly in citrus fruits as the 
name indicates. It crystallizes with a molecule of water which it 
loses on heating. The hydrated acid melts at about 100°; the 
anhydrous acid at 153°. The acid is very soluble in water. It 
forms a variety of salts some of which are used in pharmaceutical 
preparations. The acid itself is widely used in the preparation of 
beverages. It is prepared either from citrus fruits which are not 
marketable or by the fermentation of glucose by a certain mold. 

The structure of citric acid follows from its oxidation to acetone 
dicarboxylic acid: 

CHsOOOH CH 2 COOH 

I /OH ! 

C< +[0 ] — >CO + co 2 + h 2 o. 

I XX)OH I 

CH 2 COOH CH 2 COOH 

acetone dicarboxylic 
acid 
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The latter substance may be prepared from dichloroacetone (p. 
182), and the complete synthesis of citric acid is thus as follows: 


Cl 2 

CH 3 COCH 8 — ^ 

special 

conditions 

HO CH 2 COOH 
\ / H 2 0 

c ^ 

HOOC^ \sH 2 COQH 


CH 2 CICOCH 2 CI - 

(or better 
from glycerol, 

p. 182 ) 


KCN 


HO 


• CH 2 CNCOCH 2 CN 
H 2 0 


CN 


\ HCN 

C(CH 2 COOH) 2 ^ — CO(CH 2 COOH) 2 . 

/ 


Malic Acid. Hydroxysuccinic acid, HOOCCHOHCH 2 COOH, 
is known as malic acid. Like glycollic acid it occurs in unripe 
fruits. It may be prepared by the action of alkali on chloro- or 
bromosuccinic acid or by combining maleic acid (p. 284) with water 
by means of sulfuric acid. This last method is now used for the 
industrial preparation of malic acid: 

H 2 S0 4 

HQOCCH = CHCOOH + H 2 0„ — ^ HOOCCHOHCH 2 COOH. 

maleic acid 

The synthetic acid melts at 130°-131°; the acid which occurs in 
nature, at 100°. The two forms also differ in their action on 
polarized light, the former being without effect while the latter 
causes a rotation. The structure of both the synthetic and 
natural acids is established by the fact that on heating with hydro- 
gen iodide they are reduced to succinic acid: 

CHOHCOOH CH 2 COOH 

{ + 2HI — >• I + I 2 + H 2 0. 

■ CHsCOOH CH 2 COOH 

Tartaric Acid. Tartaric acid, (CHOHCOOH) 2 , is obtained 
from the crude potassium acid tartrate, known as argol, which 
crystallizes in wine casks. This salt is probably present in the 
original wine and separates slowly. When purified by crystalli- 
zation from water, it is known as cream of tartar and is widely 
used in the manufacture of baking powder. 

The tartaric acid of commerce is a white, crystalline solid which 
melts at 168 o -170°; it is soluble in water and can not be readily 
extracted from the solution. In its preparation from argol, the 
insoluble calcium tartrate is first formed by precipitation and is 
then decomposed with sulfuric acid (compare p. 198). The free 
acid and its salts are used in dyeing, in medicine, and in the 
laboratory. Fehling’s solution (p. Ill) is prepared by adding 
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sodium hydroxide and a tartrate to dilute copper sulfate solution. 
The deep blue solution contains a soluble complex cupric tartrate. 

Isomerism of Malic Acid and the Tartaric Acids. Tartaric 
acid can be shown by many reactions to be dihydroxy- succinic 
acid. It must be represented by the formula, HOOCCHOHC- 
HOHCOOH. Yet there are three other compounds which also 
correspond in their reactions and transformations to the same 
structure. They are — laevo tartaric acid (m.p. 168°-T70°); 
racemic tartaric acid (m.p. 205°-206°); and meso tartaric acid 
(m.p. 140°). (Ordinary tartaric acid (m.p. 168°-170°) is called 
dextro tartaric acid.) We have noted above two forms of malic 
acid; still a third can also be prepared. What is the cause of these 
cases of peculiar isomerism? The structural theory which we 
have found so useful, up to this point, gives no clue. According 
to the rules which have hitherto guided our predictions, there 
should be one and only one substance of the structure written 
above. There are actually four. Similarly there should be but 
one hydroxy succinic acid; three are known. 

A number of such exceptional cases came to light from time to 
time during the rapid growth of organic chemistry in the last half 
of the nineteenth century. They remained a mystery until van’t 
Hoff 1 and Le Bel 2 in 1874 independently arrived at a solution of 
the problem. These scientists extended the structural theory to 
three dimensions, and in this way provided an explanation of 
these cases of isomerism which were not accounted for by the 
Kekul6 theory. This final step in the completion of the structural 
theory is described in the next chapter. 

QUESTIONS AND PROBLEMS 

1 . Write structural formulas for: /3-hydro xypropionic acid, a-hydroxy- 
butyric acid, a, /3-dibromobutyrie acid, cream of tartar, dimethyl tartrate. 

2. Outline the steps in the synthesis of a-hydroxybutyric acid from 
n-prop}d alcohol by two different methods. 

3. Write the equations for the following reactions: (a) propionic acid, 
phosphorus tribromide and bromine; (b) sodium salt of 7 -hydroxyvalerie 
acid and hydrogen chloride; (c) dimethyl ester of tartaric acid and acetyl 
chloride; (d) o'-bromopropionyl bromide and absolute ethyl alcohol. 

Jacobus Henricus van’t Hoff (1852-1911), Professor at the University of 
Amsterdam 1877-1896 and at the University of Berlin 1896-1911. He is famous 
as the joint founder of stereochemistry and for his contributions to the theory of 
solutions. 

2 Joseph Achille Le Bel (1847-1930), a French chemist who resided in Paris. 
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4. Outline the steps in the synthesis of the following: (a) CH 3 CH- 
(COOH) 2 starting with propionic acid; (b) CHOH(COOH) 2 (tartronic 
acid) from malonic ester. 

5. Discuss lactone formation and hydrolysis, indicating the type of com- 
pounds capable of and conditions necessary for such transformations. Explain 
the statement: “ Lactones are inner esters.” 

6. How would you differentiate between: (a) 3, 3-dimethyl-butanol-l 

and 4-methvlpentanol-l ; (b) CH 3 CHClCOOH and CH 8 CH 2 C0C1; (c) 

CH 3 CH 2 Ch6hCH 2 COOH and CH 2 OHCH 2 CH 2 CH 2 COOH; (d) (CH 3 ) 2 - 
CHCH 2 COOH, (CH 3 ) 3 CCOOH, CH 3 (CH 2 )3COOH? 

7. A compound A was obtained having the empirical formula CaHutO. 
On oxidation it gave an acid CcHi 2 0 2 . On degradation by the reactions out- 
lined in this chapter it gave an acid CsHxoC^ which was esterified with dif- 
ficulty and could not be brominated by the usual procedure. What is the 
structure of A? 

8. Indicate steps involved in preparing a-hydroxyisobutyric acid from 
isopropyl alcohol; /3-hydroxybutyric acid from propylene; isopropyl alcohol 
from ,3-methylbutyric acid. 

9. What would happen if butyrolactone were treated with: (a) methyl 
alcohol and sulfuric acid; (b) ammonia gas in anhydrous medium; (c) 
hydrogen iodide (with heating)? 


CHAPTER XII 


OPTICAL ISOMERISM 

Optical Activity. Before presenting the theory of van't Hoff 
and Le Bel mentioned in the preceding chapter, we must discuss 
briefly the phenomenon known as optical activity. We have 
seen that two of the four isomeric clihydroxy-succinic acids are 
called dextro tartaric acid and laevo tartaric acid respectively. 
The words dextro and laevo refer to the fact that solutions of these 
substances have the property of rotating the plane of polarized 
light — the one to the right (dextro), the other to the left (laevo). 
They therefore are said to be optically active . 

Polarized Light. Light which has passed through a crystal of 
tourmaline or a Nicol prism (a specially constructed prism of 
Iceland Spar) is said to be polarized. Such light will pass through 
a second tourmaline crystal or Nicol prism only if it is held parallel 
to the first. This can be demonstrated by placing two clear 
tourmaline crystals one against 
the other and interposing them 
between a light and the eye. 

They will be transparent if 
their crystal axes are parallel; 
when one crystal is turned so 
that its axis is at right angles 
to that of the other, the inter- 
section of the two crystals ap- 
pears opaque (Fig. 22). If 
one of these crystals is now 
firmly set in an apparatus such 
as that indicated in Fig. 23 
and the other placed at some distance from it on a movable axis, 
we have what is known as a polariscope. When nothing is inter- 
posed between the two crystals, the maximum amount of light 
can come through the apparatus and strike the eye of the observer 
only when the second crystal is exactly parallel to the first. If we 
now insert an optically active substance between the two crystals, 
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Fig. 22. Two tourmaline crystals 
rossed at right angles are opaque. 
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we find that we must turn the movable crystal to the right or left 
in order to get the greatest brightness. The direction and extent 
of this rotation depend on the nature of the substance and the 
amount of it through which the light passes. A number of organic 
liquids and solutions of solid compounds are optically active. 

The physical explanation given for the phenomenon of optical 
activity is as follows: the light after passing through the first 



Sodium 

Flame 



Fig. 23. Polariscope used in determining the optical activity of organic com- 
pounds. The solution of the compound is placed in the long glass tube which has 
parallel glass ends. 


crystal is supposed to be vibrating in only one plane; therefore, the 
second crystal must be set in exactly the same plane in order to 
allow all the light to pass through it. Optically active substances 
have the power to rotate this plane of polarized light to the left or 
to the right 

The optical activity of many solids is caused by the nature of 
the arrangement of the molecules in the crystal; however, this 
phenomenon does not concern the organic chemist. The . optical 
activity of organic compounds is a property of the molecule itself 
since it is manifested in the liquid state, in solution, and as a gas. 

It is important to have a standard method of comparing the optical activity 
of organic liquids. The specific rotation of a liquid is the angular rotation 
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(measured in a polariscope as explained above) produced by a column whose 
length is defined in terms of the specific gravity. Specific rotation is purposely 
so defined in order that comparable weights of material will be under observa- 
tion each time. In the case of solutions, the concentration of the solution 
replaces the specific gravity. The two formulas for calculating the specific 
rotation [a] from an observed rotation in the polariscope (ocoba.) are as follows: 

Lk * uids: w-rf 


Solutions: [ci] « , 

l X c 

where l — length in decimeters of liquid or solution employed (usually 1 or 2 
decimeters) and c is the weight of solute in 1 cc. The molecular rotation is 
usually defined as the specific rotation multiplied by the molecular ^weight and 

divided by a hundred. [M] = T0(f ' ‘ ®* nce s P ec ^ c rotation usually 

varies with the wave length of light employed in making the measurement, 
it is common to denote this by a small letter or number. Thus, \a]j> means 
the specific rotation measured with sodium light (D line of the spectrum), 
while such a symbol as [«] 54 «i indicates that the wave length of light employed 
was 5461 Angstrom units (A). The specific rotation varies somewhat with the 
temperature and often greatly with the nature of the solvent. 

Pasteur’s Separation of a Racemic Tartrate. The first im- 
portant advance in the understanding of optical activity was 
made by Pasteur 1 in 1848. At that time racemic tartaric acid, 
which is optically inactive, and the common dextro tartaric acid 
were both known. Pasteur was studying the crystal angles of 
the salts of the racemic acid. He noticed on examining certain 
very large crystals of the sodium ammonium salt that there 
seemed to be two different types of crystals which differed only 
slightly in the position of the crystal faces. These faces were 
arranged either in a left-handed fashion or in a right-handed 
fashion with regard to the crystal axis. Thus, one type of crystal 
could be considered the mirror image of the other, just as one’s 
left hand is the mirror image of the right. 

Pasteur laboriously separated these left-handed and right- 
handed crystals into two piles, dissolved them separately in water 
and examined the two solutions in the polariscope. To his delight 
he found that one solution turned the plane of polarized light to 

1 Pasteur’s separation of racemic tartaric acid was accomplished at the beginning 
of his scientific career at the age of only twenty-six. He later studied fermentation 
and thus became interested in micro-organisms. This work led away from chemis- 
try and towards medicine in which field he did the work with which his fame is 
popularly connected (see also p. 15). 
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the right, the other an equal amount to the left, — this in spite of 
the fact that the original salt had been entirely inactive! This 
classic experiment proved that in one instance, at least, the in- 
active compound could be separated into two active forms . It was 
evidently only a mixture of the well-known dextro acid and a new 
laevo form. The isomers were found to differ only in their effect 
on polarized light. 

The Problem of Optically Active Isomers. Pasteur thus 
demonstrated that an optically inactive compound may be a 
mixture of equal amounts of two isomers, a dextro compound and 
a laevo compound. Such a racemic mixture, as it is called, may be 
separated as we have described. The great majority of inactive 
organic substances, however, are not racemic mixtures and can 
not be separated into active components. The problem of why 
only certain compounds have optically active isomers could not be 
answered in Pasteur’s time. Only after the structural theory 
had been firmly established was it possible to connect the phenome- 
non of optical activity with the structure of the compounds. 
This van’t Hoff and Le Bel did by means of their hypothesis in 
regard to the spatial arrangement of the atoms in a molecule. 

The Tetrahedral Carbon Atom. Le Bel and van’t Hoff assumed 
that the valences of the carbon atoms were directed towards the 
corners of a more or less regular tetrahedron. To demonstrate 
this, they constructed solid models. These were not supposed 
to represent an actual picture of a carbon atom; they were only 
intended to show the spatial arrangement of the atoms in a mole- 
cule. The peculiar property of a tetrahedron is that when four 
different things are attached to its corners, two arrangements are 
possible . These differ as the right hand differs from the left ; one 
arrangement is the mirror image of the other. If tivo or more 
of the things attached to the four corners are the same , only one ar- 
rangement is possible. This is a fact of geometry and in itself has 
nothing to do with chemistry; van’t Hoff and Le Bel saw in it 
an explanation of optical activity and the peculiar examples of 
isomerism which had been noted in the case of the tartaric 
acids. 

Optically Active Isomers Are Stereoisomers. If a tetrahedron 
with four different things attached can exist in two arrangements, 
so a carbon atom with four different atoms or groups arranged 
about it may exist in two forms. These two forms would be ex- 


A 
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pected to differ in some right-handed or left-handed manner. 
This is exactly the case with optical isomers ; the dextro and laevo 
forms are identical in all properties except their action on the plane 
of polarized light. According to this theory, therefore, optical 
isomers are stereoisomers and differ only in the spatial arrangement 
of the atoms in the molecule. 

The fundamental postulate of the theory is that this isomerism 
is to be found only when the molecule can exist in two forms which 
are mirror images of each other. Such a molecule is said to be 
asymmetric. Optical activity is a property of an asymmetric mole- 
cule . In almost all cases an asymmetric molecule contains an atom 
■with four different groups or atoms attached. Such an atom is 
called an asymmetric atom . 

Stereoisomers of Lactic Acid. The simplest case to consider 
first is one in which there is only one asymmetric carbon atom. 

Lactic acid is such a case. The carbon atom starred in the for- 

* * 
mula is asymmetric: CHsCHOHCOOH. Models of the two forms 

of lactic acid are shown below: 




DEXTRO LACTIC ACID f LAEVO LACTIC ACID 

There is no way of telling which of the above models correspond 
to the dextro acid and which to the laevo. It can only be said 
that if one is arbitrarily selected to correspond to the laevo form, 
the other must be the dextro. The racemic acid is a mixture of 
an equal number of the molecules of the dextro and laevo forms. 

If possible, the student should handle actual solid models and 
convince himself of the fundamental geometrical fact which is the 
basis of stereoisomerism. The theory predicts a dextro lactic 
acid, a laevo lactic acid and a racemic mixture (inactive lactic 
acid). The experimental facts are in accord with this prediction. 
The acid which is prepared in the laboratory by synthetic methods 
(p. 228) is inactive; that formed by the fermentation of glucose 
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may be dextro/Jaevo or inactive according to the enzyme em- 
ployed. 

In the case of propionic acid, CH3CH2COOH, there is no asym- 
metric carbon atom in the molecule, and two different spatial 
arrangements are not possible. No stereoisomers are predicted, 
and none has ever been found. The theory of stereoisomerism 
has been drastically tested since it was first suggested. In every 
case, complete agreement has been found between the experi- 
mental facts and the predictions based on the theory. 

Racemic Mixtures and Racemic Compounds. Two stereo- 
isomers such as laevo and dextro lactic acid are sometimes spoken 
of as enantiomorphs. They are identical in all physical and chemical 
properties except their action on polarized light. The two isomers 
have the same rotating power, but turn the plane in opposite 
directions, one to the right and the other to the left. A mixture 
of two enantiomorphs may be merely a mechanical mixture of the 
two isomers, or it may be a loose molecular compound of the two. 
The first we speak of as a racemic mixture, the second, as a racemic 
compound. The racemic compound is met with when we are 
dealing with solids; it has physical properties different from those 
of the component isomers. In solution, it is usually largely 
dissociated and behaves much like a solution of a racemic 
mixture. 

Separation of Racemic Mixtures. Since the two components 
of a racemic mixture have identical physical properties, they can 
not be separated by crystallization or by fractional distillation. 
This is unfortunate because, when we synthesize compounds in the 
laboratory by ordinary methods, we always obtain a racemic mix- 
ture. To obtain a variety of optically active products, it is, 
therefore, essential to have some method of separating a racemic 
mixture. Such a method is generally referred to as resolution. 

The methods of separating racemic mixtures are as follows: 

(1) If the compound forms crystals with two different arrange- 
ments of the faces, as in the case of the salts of tartaric acid, one 
may laboriously separate the crystals by hand. This method, 
for obvious reasons, is rarely employed. 

(2) If the compound is fermented by bacteria or molds, usually 
one of the stereoisomers will be destroyed faster than the other. 
In this way, by the proper choice of bacteria it is often possible 
to prepare both forms from the inactive compound. 
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(3) The most general method is to combine the compound with 
some optically active substance. There are certain complex 
amines found in nature which are optically active; they are known 
as alkaloids (Chap. XXIX). These compounds form salts with 
acids. If the acid is a racemic mixture, there will be two sets of 
salts, corresponding to the two stereoisomers. These salts may 
be separated by fractional crystallization because they are not 
enantiomorphs and, therefore, differ in physical properties. 1 
From them the pure dextro and laevo forms are obtained by 
treatment with acid, and the alkaloid is recovered. This method 
is summarized below: 

dextro acid ] . 0 , , , . (1) dextro acid dextro base 

, . , ■ +2 mols dextro base — > , , , , 

laevo acid J (2) laevo acid dextro base. 

Two salts not enantio- 
morphs can be separated by 
crystallization. 

(1) dextro acid dextro base + HC1 — > dextro acid + d base.HCl 

(2) laevo acid dextro base + HC1 — laevo acid + d base . HC1 

In a similar manner optically active acids may be used to resolve 
racemic mixtures which contain a basic group, as in amines. 

Isomerism of Tartaric Acid. When there are two or more 
asymmetric carbon atoms in the molecule, the situation is more 
complicated than in a simple case such as lactic acid. Let us first 
consider a compound where the two asymmetric carbon atoms 

* CHOHCOOH 

are similar. This is the case in tartaric acid : | 

* CHOHCOOH 

Since both asymmetric atoms have the same groups about them, 
they will affect the plane of polarized light to the same extent, 
but each may be either dextro rotatory or laevo rotatory. 

We are thus led to predict the following possible combinations: 
(1) both atoms dextro rotatory; (2) both atoms laevo rotatory; 

(3) one atom dextro, the other laevo. In the first two cases, the 

1 The fact that these, two salts are not enantiomorphs and therefore differ in 
physical properties may be illustrated by a crude analogy. If we take a pair of 
gloves and tie to each glove a right-handed mitten we have a model of the dextro acid 
dextro base and laevo acid dextro base combination. We can readily convince our- 
selves that the two glove-mitten combinations are neither identical nor mirror images 
of each other. 
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effect of each atom reinforces that of the other. In the third case, 
they cancel each other, and, since the two atoms are exactly oppo- 
site in their effect on polarized light, the compound will be optically 
inactive. Such a compound is said to be inactive by internal 
compensation. It is not a racemic compound and obviously can 
not be separated into active forms; every molecule is exactly like 
every other molecule and each is inactive. Mesotartaric acid is 
the isomer which is inactive by internal compensation. 

The following diagrams show the spatial arrangement of the 
groups in dextro tartaric acid, laevo tartaric acid and meso tartaric 
acid: 



HCOH HOCH HCOH 

i I I 

COOH CO, OH COOH. 

LAEVO TARTAR IC ACID DEXTRO TART ARIC ACID MESO TARTARIC ACID 
RACEMIC ACID 

Racemic tartaric acid, as the name implies, is a racemic com- 
pound; in solution, it is a mixture of the dextro and laevo isomers. 
The solid is a molecular compound of one molecule each of the 
two forms. 

Plane Representation of Stereochemical Formulas. Drawings 
of three-dimensional models such as those shown above or the 
models themselves are essential for the understanding of the sub- 
ject of stereoisomerism. After the principles have been mastered, 
however, such methods of representing stereoisomers are cumber- 
some. A compact and convenient method of representing the 
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models consists in projecting them onto a plane. In the case of 
dibasic acids, it is agreed that the projection will be such that a 
carboxyl group is at the top and bottom of the plane diagram. 
This corresponds to a model in which the carboxyl groups are over 
each other as in the drawings. The plane diagrams are shown 
above under the drawings of the corresponding models. 

Compounds with Dissimilar Asymmetric Atoms. The ease of 
tartaric acid is peculiar in that the two asymmetric carbon atoms 
are alike. A more general case is illustrated by chloro-hydroxy- 
succinic acid: 

* CHOHCOOH 
I 

* CHCiCOOH. 

In this compound the atoms attached to the two asymmetric car- 
bon atoms are different (chlorine in place of hydroxyl). There- 
fore, each half of the molecule will rotate the plane of polarized 
light to a different extent. Since this is the case, there is no 
longer the possibility of a complete cancellation of the effect. 
Instead, we have four possible stereoisomers all optically active . 
They may be represented by the following symbols, where A 
represents the rotation caused by the asymmetric atom holding 
the OH group, and B that caused by the other. The signs + and 
— respectively refer to dextro and laevo rotation. 


(1) (2) 

(3) (4) 

A — A 

+ A - A 

+ B -B 

- B + B. 

1st racemic mixture 

2d racemic mixture 


We have no way of telling whether A is greater or less than B, 
but it must be different since the atoms are dissimilar. 

The four stereoisomers of chloro-hydroxy-succinic acid are the 
components of two racemic mixtures (or racemic compounds) 
as indicated above. These two different racemic mixtures differ 
in physical properties. The two known chloro-hydroxy-succinic 
acids are these two racemic mixtures; they melt at 145° and 154°. 
Both are inactive and both are separable. Stereoisomers which 
are not enantiomorphs are called diastereoisomers. Thus, 1 and 
3, or 2 and 4 in the illustration above are diastereoisomers. Not 
being mirror images they differ not only in rotation but also in 
their physical properties. The problem of assigning the correct 
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spatial formula to each of the four active isomers is very difficult. 
Some of the methods used in such stereochemical investigations 
are considered in the last chapter of this book. 

In general, it can be shown by studying models that in a com- 
pound with n asymmetric dissimilar carbon atoms there are 2 n 

2 n 

optically active isomers and — racemic mixtures. This rule does 

not apply to compounds, like tartaric acid, which contain similar 
asymmetric atoms. 

Synthetic Products, Whenever a compound containing an 
asymmetric carbon atom is prepared in the laboratory, the racemic 
mixture (or compound) is the invariable product. Thus, a-bromo- 
propionic acid, CPIsCHBrCOOH, like lactic acid, exists in two 
active forms; yet when we prepare it by brominating propionic 
acid, the racemic mixture is always the result. In the production 
of an asymmetric atom — in this instance by the replacement of 
hydrogen by bromine — there is an even chance as to whether 
a right-handed or left-handed molecule will result. 

COOH COOH COOH 

I I ! 

RrCH — HCH — >- HCBr 
I l f 

ch 3 ch 3 CH*. 

laevo dextro 

On the average, an equal number of dextro and laevo molecules 
of bromo-propionic acid will be formed. The smallest amount of 
the product which we can examine in our polariscope contains 
many million molecules; even if there were one or two more dextro 
than laevo molecules in this sample, we could not detect their 
presence by our most delicate apparatus. 

When a new asymmetric carbon atom is produced by synthetic means in a 
molecule already optically active because of an asymmetric atom, two opti- 
cally, active products may be obtained. Thus, the bromination of dextro 
0-methyl valeric acid yields two optically active products which are not mirror 
images of each other and, therefore, can be separated by the usual laboratory 
methods. 

COOH COOH COOH 

l 1 l 

Br-CH Br^ H-C-H Br 2 H-C-Br 

CHs-C-H PBr 3 CHs-C-H PBr 3 QH.--C-H 
I I i 

C 2 H 5 C 2 H s C 2 H 5 
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As in the ease of propionic acid, bromine may replace the left or right handed 
hydrogen atom, but since the /3-carbon atom is dextro and unaltered during 
the reaction, two substances ++ and -f- — which are different are produced. 
Although in the case of propionic acid the left and right handed hydrogens 
are replaced in equal number, this is not so in the production of diastereo- 
isomers. For some reason the presence of an asymmetric carbon atom in a 
molecule directs the formation of a second asymmetric carbon atom so that 
one diastereoisomeric form is produced in larger amounts than the other. 

Racemization. Some optically active compounds lose their activity on 
heating or treating with certain reagents. This process, which may interfere 
with the transformation of one optically active substance into another active 
compound, is known as racemization. Many compounds are either racemized 
with great difficulty or not at all. When racemization occurs readily, it is 
usually possible to show that some special mechanism is involved in the 
transformation of the + to the — isomer and vice versa (seep. 616). 

Nature Produces Optically Active Compounds. The chemical 
transformations which take place in living things almost always 
produce optically active materials. This is the most striking 
distinction between chemical reactions in the laboratory and in 
plants or animals. Practically all the natural products which 
contain an asymmetric carbon atom occur in an optically active 
form. The enzymes which are the natural catalysts can differ- 
entiate between a dextro and a laevo form; in their presence the 
odds are no longer even as to the formation of the one enantio- 
morph or the other. The second method given above of separat- 
ing racemic mixtures illustrates this point. 

Although all the physical and chemical properties of a pair of 
enantiomorphs are identical, their biochemical behavior is differ- 
ent. This is even true in the case of drugs which manifest their 
chemical action by some change in a large and complex organism. 
In most cases where both a dextro and laevo form of a drug have 
been prepared, the two have been found to differ markedly in their 
physiological action. 

QUESTIONS AND PROBLEMS 

1. Discuss the isomerism of tartaric acid, naming all the isomers and stating 
the effect of each (in solution) on polarized light. (Draw diagrams repre- 
senting the three-dimensional formulas.) 

2. Indicate clearly the number of possible stereoisomers of each of the 
following compounds: CH 2 BrCH 2 COOH, (CH 3 ) 2 CHCOCOOH, CH 3 CHOH- 
CHOHCHs, CH 3 CHBrCOOH, CH s CHBrCHOHCOOH, CH 2 BrCHClCOOH, 
CH 2 OHCHOHCHOHCH 2 OH. 

Indicate the effect of each isomer (in solution) on polarized light. Which 
of the inactive forms are inseparable? 
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3. In which of the following cases could the optically inactive substance 
be separated into optically active isomers? Describe carefully three methods 
of accomplishing such a separation. 

(a) (CHs) 2 CHCOOH ; (b) CHOH(COOH) 2 ; (c) (CHa^CCHOHCOOH. 

4. How many stereoisomers of propylene dibromide are possible? Which 
would you expect to obtain by the addition of bromine to propylene? 

5. In what respects do enantiomorphs resemble each other? By what 
physical property may they be distinguished from each other? In what other 
respects do they differ? 

6. Devise a method of separating the optically inactive amine 

CH 3 

^CHNHs 

c 2 h 5 / 

into the optically active isomers, making use of an optically active acid such 
as lactic acid. 

7. In the bromination of inactive /3-methyl valeric acid, CH 3 CH 2 CHCH 2 - 

CH 3 

COOH, how many isomeric bromo acids would be expected? 

Would they be optically active? Why? Would you expect the isomers to 
be formed in equal amounts? Explain. 
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ACETOACETIC ESTER AND MALONIC ESTER 

Malonic ester and acetoacetic ester are two compounds of 
considerable practical importance and of great theoretical inter- 
est. They are very useful in the synthesis of acids, ketones and 
certain ring compounds. They have the peculiar property of 
forming salt-like metallic compounds under certain conditions, 
although they contain no free carboxyl group. The constitution 
of acetoacetic ester was a matter of vigorous controversy for many 
years. We shall consider acetoacetic ester first, since a study of 
this substance provides the clue to the salt-forming properties of 
malonic ester. 

Acetoacetic Ester and Acetoacetic Acid. Acetoacetic ester is 
prepared from ethyl acetate by the action of sodium; this reaction 
will be described later. It is a mobile, colorless liquid with the 
molecular formula CeHioCb. It is obviously an ester, as on careful 
hydrolysis with barium hydroxide the salt of acetoacetic acid is 
formed. This acid on reduction yields ^-hydroxybutyric acid 
(p. 210) and from this compound acetoacetic acid is regenerated 
by cautious oxidation. This relationship makes it certain that 
acetoacetic acid has the formula, CH 3 COCH 2 COOH. It is a 
beta ketonic acid (classification, see p. 192). Its relationship to 
/5-hydroxybutyric acid is obvious : 

reduction 

CH 3 COCII;COOH — CH 3 CHOHCH 2 COOH. 

oxidation 

It very easily loses carbon dioxide on warming forming acetone; 

CH 3 COCH 2 COOH — > CH3COCH3 + C0 2 . 

In the urine of patients suffering from diabetes, both aceto- 
acetic acid and /3-hydroxybutyric acid are usually present in 
considerable amounts. 

The Peculiar Properties of Acetoacetic Ester. From the struc- 
ture of the acid, one would conclude that the ester had the for- 
mula, CH3COCH2COOC2H5. Indeed, many of its reactions are 
exactly those which would be predicted from this structure. 
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It is an ester, as has been noted; it is a ketone, as shown by its 
reactions with reagents which react with the carbonyl group. 
Peculiarly enough, it also behaves like an hydroxyl compound . 
When treated with metallic sodium it forms a metallic derivative 
with the evolution of hydrogen, and the same substance is formed 
by the action of sodium alcoholate (NaOC 2 Hs) or cold sodium 
hydroxide. This sodium compound we may represent for the 
present as [CH 3 COCHCOOC 2 H 5 ]Na, without committing our- 
selves as to the position of the metallic atom in the molecule. 
Acetoacetic ester also gives a deep color with ferric chloride. 
This reaction is similar to that of certain hydroxyl compounds 
called phenols which we shall meet later (p. 352). These facts 
and certain others led one group of chemists to contend that 
acetoacetic ester was in reality CH 3 C = CHCOOC 2 H 5 and not 

1 

OH 

a ketonic ester. The sodium derivative, from this point of view, 
would be CH 3 C(ONa) = CHCOOC 2 H 5 . Others believed that the 
ketonic formula was correct and the sodium compound was 
CH 3 COCHNaCOOC 2 H 5 . 

The Keto and Enol Forms. The discussion of the structure of 
acetoacetic ester and certain similar compounds finally reached 
a point where it seemed as if one must say that this one com- 
pound behaved as though it had two different formulas, — one a 
ketonic formula, the other that of an unsaturated hydroxy com- 
pound. A reasonable explanation of this state of affairs would 
be the assumption that the liquid ester and its solutions were 
mixtures of two forms, the ketonic form, CH 3 COCH 2 COOC 2 H 5 , 
and the hydroxy form, CH 3 C(OH) =CHCOOC 2 H 5 . This, 
indeed, turned out to be the case. By cooling the ester to a low 
temperature, a crystalline solid was obtained which gave no 
color with ferric chloride and failed to show the other peculiar 
reactions which indicated an unsaturated hydroxyl compound. 
By acidification of the sodium compound [CH 3 COCHCOOC 2 H 5 }Na 
at —78°, an oil was obtained which showed the peculiar reactions 
of acetoacetic ester in a marked degree. This oil is undoubtedly 
the unsaturated hydroxy compound; the crystalline solid is the 
ketonic ester. On allowing either the solid or the liquid to stand 
at room temperature for some time, a liquid acetoacetic ester was 
formed identical in all respects to the usual compound. 
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The isolation of the two forms of acetoacetic ester ended the 
controversy. The liquid which behaved like two substances 
was in reality a mixture of the keto form and the hydroxy compound. 
The latter came to be known as the enol form. The two are in a 
reversible equilibrium, 

CH3COCH2COOC2H5 ch 3 c = CHCOOC 2 H 5 . 

■ I 

OH 

The conversion of one form into the other is rapid but not instan- 
taneous. The enol form has the salt-forming properties. If the 
equilibrium mixture (the ordinary liquid ester) is treated with 
sodium alcoholate, the enol form reacts: 

CH 3 C(OH) = CHCOOCaHs + C 2 H 5 ONa — > 

CH 3 C (ONa) = CHCOOC2H5 + C 2 H 5 OH. 

As this is removed from the equilibrium, the keto form changes 
over to the enol which, in turn, is neutralized by the sodium 
alcoholate. Thus, eventually all the material is converted into 
the sodium compound. 

Tautomeric Equilibria. The change of one form of aceto- 
acetic ester into the other is spoken of as a tautomeric change. 
It will be noted that only the shift of a hydrogen atom and a 
double linkage is involved. The hydrogen atom in this particular 
system is mobile and can change places easily. The rate at which 
the one form shifts into the other is catalyzed by traces of alkali. 
Even soft glass has sufficient alkali in it to promote the reaction. 
Quartz, however, does not. Therefore, if the liquid equilibrium 
mixture is carefully distilled in a quartz apparatus, it can be sepa- 
rated into the two forms. The enol form is slightly more volatile 
and distills first; the pure keto form is' left behind. On standing, 
each slowly changes into the same equilibrium mixture. 

Methods of Determining Enol Content. The early attempts 
to measure the amount of enol or keto form in the liquid failed 
because the reagents employed reacted too slowly. The one form 
had sufficient time to shift into the other before the reaction was 
complete. For this reason, as we have seen, the equilibrium 
mixture behaves towards ketonic reagents as though it were all 
keto and towards reagents for the enol form as though it were all 
enol. 
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The analytical method commonly used is that devised by 
Kurt H. Meyer. It is based on the fact that the reaction between 
bromine and the enol form is extremely rapid. It consists in 
rapidly titrating a weighed sample with an alcoholic solution of 
bromine, keeping .the temperature at 0° to decrease the rate of 
rearrangement. The first slight excess of bromine is the end point 
which must be taken. (This excess soon disappears and eventu- 
ally one molecule of bromine per mole of compound would be con- 
sumed if the titration were continued, because of the continual 
shift of the keto to enol form.) The reaction is: 

Br Br 

i I 

CH 3 C - CHCOOC 2 H 6 + Br 2 — CH 3 C - CHCOOC 2 H 5 

f I I hypothetical 

OH OH y intermediate 

CH S C - CHBrCOOC 2 H 6 + HBr. 

II 

O 

bromoacetoacetic ester 


The keto form does not react with the bromine in the short time 
required for the titration. 

It has been found by the bromine titration that the liquid 
•equilibrium mixture of acetoacetic ester contains 92.6 per cent of 
keto form and only 7.4 of the enol. In a solution, the compo- 
sition of the equilibrium mixture depends on the nature of the 
solvent. For example, in water there is only 0.4 per cent enol, 
while in hexane there is 46 per cent. 

The simple rapid titration with bromine outlined above is called the direct 
method. It is the best method for determining the enol content of most 
derivatives of acetoacetic ester. In the case of acetoacetic ester itself, it gives 
values that are somewhat erratic and too high because the equilibrium shifts 
somewhat even under these conditions. The indirect method , also devised by 
Meyer, is, therefore, used in this and a few similar cases. This consists in 
.adding as rapidly as possible (in a few seconds) an excess of bromine, then at 
once an excess of a compound which will destroy all free bromine (this is beta 
naphthol). The result is that an excess of free bromine is present for only a 
few seconds, and in this time the shift of the equilibrium is probably not 
serious. 

All the enol form has been converted into a bromo compound by this short 
-exposure to bromine. The amount of this bromo compound (and hence the 
amount of enol) is determined by adding potassium iodide solution. The 
bromo compound liberates iodine and is itself reduced. The iodine can be 
titrated with standard thiosulfate in the usual way. (There is no need 
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for haste after the excess of bromine has been destroyed.) The equations 
are: 

CHjCOCHBrCOOC 2 H 5 + KI — CH 3 COCHICOOC 2 H 6 + KBr, 
CH 3 COCHICOOC 2 H5 + HI — > CH,COCH s COOC 2 H 6 + I* 

(from 
the KI) 

Enolic Forms of Other Compounds. All beta ketonic esters 
with the general formula RCOCH 2 COOR/ exist in a keto and an 
enol form, but the two pure forms have been isolated in only 
a few cases. The beta diketones with the general formula 
RCOCHsCOR/ likewise have an enol form RC = CHCOR', and 

I 

OH 

a keto form RCOCHsCOR'; the liquid substance is an equilibrium 
mixture. When such compounds are solid at room temperature 
(by virtue of groups of high molecular weight in the molecule), it 
is often possible to isolate two crystalline, isomeric compounds — 
one a keto form, the other an enol. In solution, or in the molten 
state, an equilibrium is reached. 

Undoubtedly an enolic form of even the simple aldehydes and 
ketones can have a transient existence and may even exist in very 
small quantities in equilibrium with the usual ketonie form. The 
metallic salts of such enolic forms of the simple ketones can be 
prepared (in the absence of water or alcohol) by a number of 
methods. For example, the ketone (in ether solution) may be 
heated with sodamide. The following equation illustrates such a 
reaction with acetone: 

CH 3 COCHs 4- NaNH 2 — > CH 3 C - CH 2 + NH S . 

1 ■ 

ONa 

These metallic derivatives of the simple ketones are decomposed 
by water, acid, or even alcohol, regenerating the ketone. All 
attempts have so far failed to obtain evidence of the existence 
of the enol form which is presumably the first product; it must 
shift into the ketonic form very rapidly. 

CH 3 C - CH 2 + C 2 H 6 ONa. 

I 

OH 

^ very rapidly 

CH 3 COCH 3 
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The table (p. 236) gives the percentage of enol in equilibrium 
with the keto form at room temperature for a number of sub- 
stances. (All compounds are compared in dilute alcoholic solu- 
tion.) It is evident that the beta diketones and beta ketonie 
esters occupy an intermediate position between the p ketonie 
aldehydes, which are practically entirely enolic, and the simple 
ketones, which are almost entirely ketonie. In general, it is found 
that enolization is increased by the presence of the following unsatu- 
rated groups (often called negative groups) attached to the alpha 
carbon atom (i.e., in the beta position to the carbonyl group): 

0 0 0 

/ / f 

HC - , RC - , N = C ROC - . 

These same groups in any other position in the molecule are without 
effect For example, CH3COCH2CH2COOC2H5 shows none of the 
peculiar properties of acetoacetic ester, but is like acetone. 

Chelation. On distillation of an equilibrium mixture of aceto- 
acetic ester in a quartz apparatus, the enol form distills first. 
This is unexpected. One would predict that the enol form should 
be less volatile than the keto form since alcohols boil at higher 
temperatures than the corresponding ketones (e.g., isopropyl 
alcohol at 82°, acetone at 56°). In the case of a number of tau- 
tomeric enolic compounds which contain the grouping — COCH = 
C(OH)— , it has been found that the enolic form is more volatile 
than the ketonie. Furthermore other physical properties of the 
enol indicate that in some way the hydroxyl group is masked. 
This is probably due to the formation of a peculiar sort of ring in 
which a hydrogen atom has a covalency of two. Certain metallic 
derivatives of enols, particularly the beryllium and copper com- 
pounds, contain such rings which are called chelate rings. The 
formation of such rings is known as chelation. 

CH*C - CH - C - CHs 
I II 

0 - H - O 

chelate form of enol of 
acetyl acetone 

The chelate ring is very stable in the case of certain metallic 
derivatives; the metal atom holds both oxygen atoms in proper 
coordination positions by usual covalent links. The divalent 
hydrogen bond, however, is weak (it is involved in the association 
to double molecules of such hydroxyl compounds as acids and 
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some alcohols). The chelate form is thus probably in mobile 
equilibrium with a small amount of the true hydroxy compound 
which is responsible for the reactions of the enol. 

Enolization as an Explanation of Certain Reactions. Attention has been 
repeatedly called to certain peculiarities of the alpha hydrogen, in aldehydes, 
ketones, acid chlorides, and esters. For example, it is this hydrogen atom 
which is so relatively easily replaced by halogen (pp. 100 and 124) and which is 
involved in certain condensation reactions (p. 118). It seems very probable 
that these peculiarities are due to the fact that the hydrogen in the alpha 
position can enolize, and that the enolic form is involved in the reaction. For 
example, the bromination of acetone probably proceeds through the following 
steps : 

Br 2 

CH 3 COCH 3 — > CH 3 C - CH 2 — CH 3 CBrCH 2 Br 

slowly I rapidly I ' I 

OH OH i very rapid 

very small * 

amounts CH 8 COCH 2 Br + HBr 

monobromacetone 

Similar reactions may be written for other halogenations involving a hydrogen 
on a carbon atom alpha to a carbonyl group. 

In the aldol condensation and many similar processes, a small amount of 
enol may be the actual reactant. For example, the following mechanism has 
been suggested for the formation of aldol (p. 118): 

H 

/ NaOH 

CH 3 C - 0 CH 2 = C - H + H 2 0, 

catalyst J 

ONa 

very small 
amounts 

H H 

/ / H 2 0 

CH 3 C^-CT: 2 * C — H — > CH 3 CHCH 2 C - O — > CH 3 CHOHCH 2 CHO. 

0^ — : Na-0 ONa 


Ester Condensations. The preparation of acetoacetic ester il- 
lustrates a general reaction of esters which contain the — CH 2 COOR 
grouping. The condensing agents most frequently used in this 
reaction are metallic sodium and sodium ethoxide. The ester 
condensation constitutes a general method of preparing 0-ketonic 
esters: 



R'CH.CO :OCH 3 -f H : CHCOOCH, — R'CH 2 COCHCOOCH 3 

I I 

R 2 R 2 

R' and R 2 may be the same or different. Needless to say, when 
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l 


I 







IT and R 2 are different a complex mixture is obtained which in 
many cases is very difficult to separate. 

It should be noticed that this reaction is connected with the enhanced 
reactivity of the alpha carbon atom (p. 238). It is probable that the first 
step is the formation of a sodium compound of the enolate of the ester; this 
adds to the carbonyl group of a second molecule of ester. The resulting 
complex 

ONa 

R'CH 2 C^OCH 3 

^CHCOOCHs 

I 

R' 

loses the elements of sodium methylate to give the corresponding ketonic ester. 

Esters will also condense with many ketones to form /3-diketones, the alpha 
hydrogen atom being involved: 

Na 

CH 3 CO :pQ»H 5 + H: CH 2 COCH 3 — >- CH 2 COCH 2 COCH 3 -fC.H 5 ONa. 

acetyl acetone 

Malonic Ester. Ethyl malonate or malonic ester, CH 2 - 
(COOC 2 H 5 ) 2 ? occupies a position intermediate between acetoacetic 
ester and a simple ketone like acetone. The equilibrium mixture 
contains too little enolic form to be detected; indeed the enol 
form has never been isolated. However, clear evidence for the 
existence of such a form may be obtained. If the sodium com- 
pound, C 2 H 5 OOCCH = C(ONa)OC 2 H 5 , is acidified at a low 
temperature, an oil is produced which contains a large amount 
of the enol form as determined by Meyer’s method. This oil 
rapidly reverts to the ordinary malonic ester in which no enolic 
form can be found. 

Malonic ester differs from acetone in that the sodium derivative 
of the enol form is stable in alcohol solutions. This fact has 
enormous practical consequences, since it enables us to prepare 
sodium malonic ester by the action of sodium alcoholate on the 
ester itself. As we shall see in the next paragraphs, this sodium 
derivative, like that of acetoacetic ester, is of great value in 
synthesis: 

COOC 2 H 5 COOC 2 H 5 

CHi + NaOC 2 H 5 — > ClT ONa 

\;ooc 2 h 6 V 

' X OC 2 H 5 . 

malonic ester sodium derivative of 

malonic ester 

- ' -A V"; ' : 
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The ethyl ester of malonic acid is almost always the ester 
employed in the laboratory though the methyl ester will serve 
equally well Ethyl malonate (malonic ester) is a liquid boiling at 
198°. It is formed by esterifying malonic acid in the usual way or 
directly from the half nitrile of malonic acid (cyanoacetic acid) by 
the direct action of alcohol and acid (p. 200). On hydrolysis 
ethyl malonate yields malonic acid. It should be noted that 
there is no evidence of the formation of any enolic form of malonic 
acid itself. It is also important to distinguish clearly between 
the sodium derivative of malonic ester (also called the sodium salt 
of malonic ester) and the usual salts of malonic acid , such as 
CH 2 (COONa) 2 , disodium malonate. Malonic ester resembles 
acetoacetic ester in that it readily forms a sodium salt but differs 
from acetoacetic ester in that the pure liquid contains no appreciable 
quantity of an enolic form . 

Use of Malonic Esteb in Synthesis 

Alkylation of Malonic Ester. The sodium compound of 
malonic ester reacts rapidly with alkyl halides, forming compounds 
in which the alkyl group is attached to the central carbon atom. 
In writing equations for such reactions, it is simplest to use the 
noncommittal formula for the sodium compound, 

Na[CH(COOC 2 H 6 ) 2 ] + CH 3 I — > CH 3 CH(COOC 2 H*) 2 + Nal. 

The fact that the methyl group is found linked to carbon instead 
of oxygen is surprising. In a sense it constitutes an exception to 
the general rule in organic reactions that in a replacement reaction 
the entering atom or group takes the place of the atom which is 
removed. There can be no doubt of the facts, however, as the 
product on hydrolysis yields a dibasic acid, CH 3 CH(COOH) 2 . 
This on heating loses carbon dioxide and forms propionic acid, 

CH 3 CH(COOH) 2 — ^ CH 3 CH 2 COOH + C0 2 . 

140 ° 

It will be recalled that malonic acid loses carbon dioxide when 
heated, and the alkyl derivatives have the same property. 

There is no agreement among chemists as to why the alkylation 
of sodium malonic ester produces a compound with the alkyl 
group on carbon. This is an interesting problem but its discus- 
sion is outside the scope of this book. 
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The combination of the two reactions just mentioned is very 
valuable in the synthesis of acids. In the example above, pro- 
pionic acid was synthesized. If ethyl iodide is used in place of 
the methyl compound, the final product is butyric acid. Any 
simple alkyl halide can be used in this reaction. Secondary 
halides react with difficulty, and tertiary halides can not be 
employed. 

Synthesis of Forked Chain Acids. In addition to its use in 
preparing straight chain acids, malonic ester can be used in pre- 
paring acids with a branch in the chain next to the carboxyl 
group. This is possible because the monoalkyl malonic esters, 
RCH (COOC 2 H 5 ) 2 , also form sodium salts, which in turn will react 
with alkyl halides. Using RX and R'X to indicate two alkyl 
halides (with the same or different alkyl groups), we may outline 
the steps in this synthesis as follows: 

C 2 H 5 ONa RX 

CH 2 (COOC 2 H 6 ) 2 — >- Na[CH(COOC 2 H 6 ) 2 ] — 

C 2 H 6 ONa R'X 

RCH(COOC 2 H s ) 2 — > Na[RC(COOC 2 H B ) 2 ] — > 


NaOH acid 

RR'C(COOC 2 H 5 ) 2 — > RR'(COONa ) 2 — > 

heat R\ 

RR'(COOH ) 2 — > r ,^chcooh. 

Synthesis of Dibasic Acids. Malonic ester may be used very 
advantageously in the synthesis of dibasic acids. The simplest 
illustration is the preparation of succinic acid. The essential 
reaction here is between iodine and sodium malonic ester. The 
iodine combines with the sodium, and two malonic ester residues 
join together at the central carbon atoms. The reaction is as 
follows: 


* I2 “b 


Na 


*: Na, 


[CH(COOC 2 H 5 ) 2 ] 

[CH(COOC 2 H 5 ) 2 ] 


CH(COOC 2 H 5 ) 2 
! +2NaI, 

CH(COOC 2 H 5 ) 2 


The tetraester thus produced is readily converted to succinic acid 
by hydrolysis and removing the two extra carboxyl groups (as 
carbon dioxide) by heating: 

CH(COOC 2 H 5 ) 2 hydrolysis CH(COOH) 2 heated CH 2 COOH 

I ^ I — > i -f" 2C0 2 . 

CH(COOC 2 H 5 ) 2 CH(COOH) 2 CH 2 COOH 
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A different reaction is involved in the synthesis of acids of the 
type HOOC(CH 2 ) n COOH. Here we may start with a dihalide, 
CH 2 Br(CPI 2 )zCH«Br, having four less carbon atoms than the 
desired acid. Both ends of the chain react in a normal way as the 
following reaction with trimethylene bromide illustrates: 


CH 3 


i-2 

\ 


CH 2 Br Na[CH(COOC 2 H 6 ) 2 ] 


+ 


CH 2 Br Na[CH(COOC 2 H 6 ) 2 ] 


CH 2 


' CH 2 CH(COOC 2 H 5 ) 2 

/ 

2 

\ 


+ 2 NaBr 


heated 

HOOC(CE 2 ) 6 COOH 


CH 2 CH(COOC 2 H 5 )2 

^ hydrolysis 
(HOOC) 2CHCH2CH2CH2CH (COOH) 2 


Uses of Acetoacetic Ester in Synthesis 

The use of acetoacetic ester in synthetical work depends largely 
on two types of decomposition which acetoacetic ester and its 
alkyl derivatives undergo when treated with alkali. If a dilute 
alkaline solution is employed, the ester group is first hydrolyzed 
and the resulting sodium salt of acetoacetic acid (or substituted 
acetoacetic acid) loses carbon dioxide when the solution is acidified. 
Inorganic acids may be used in place of dilute alkali for this 
hydrolysis. In both cases a ketone is formed. If concentrated 
sodium hydroxide is employed, however, the molecule cleaves in 
such a way as to produce the sodium salts of two acids. These 
two methods of decomposition are illustrated by the following 
diagrams: 


: Ketonic cleavage ” with 
dilute NaOH or acids 

Acid cleavage ” with con- 
centrated NaOH 


ch 3 coch 2 coo c 2 h 6 

H OH H OH 


CH3CO 

NaO 


CH2COO 
H Na 


C0H5. 

OH 


The “ ketonic cleavage ” is taken advantage of in the synthesis 
of ketones. The “ acid cleavage ” may be used for the preparation 
of substituted acids. Thus, the cleavage of CH3COCR2COOC2H5 
would yield the acid R 2 CHCOOH. This method of synthesizing 
acids is now less used than the method which employs malonic 
ester. 
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Acetoacetic Ester Synthesis of Ketones. The alkylation of 
the sodium salt of acetoacetic ester proceeds in the same manner 
as in the case of malonic ester: 

NafCHaCOCHCOOCjaj + CH 3 I — ^ CH 3 COCHCOOC 2 H 5 -f NaL 

ch 3 

The process can be repeated, also, and compounds of the type 
CH3COCCOOC2H5 are formed. When these are treated with 
/\ 

R R' 

dilute alkali, the “ ketonic cleavage ” takes place, the ketone 
GH3COCHR2 being formed. From a monosubstituted acetoacetic 
ester, CH 3 COCHRCOOC 2 H 5 , a methyl ketone, CH 3 COCH 2 R, 
is .formed. The steps in the synthesis of methyl isopropyl ketone 
will illustrate the procedure: 

NaOC 2 H 5 

CH 3 COCH 2 COOC 2 H 6 — > Na[CH 3 COCHCOOC 2 H 6 ] 

NaOC 2 Hs { CH31 

Na[CH 3 COCCH 3 COOC 2 H5] — CH 3 COCH(CH 3 )COOC 2 Hfi 
| CHsI 

CHaCOC(CH 3 ) 2 COOC 2 H 6 

,j, saponification followed by acidification 

CH 3 COCH(CH 3 ) 2 . 

Certain Other Uses of Acetoacetic Ester. A great variety of 
compounds containing the grouping CH 3 COCIi<^ may be pre- 
pared from acetoacetic ester. The synthesis of laevulinic acid, 
CH3COCH2CH2COOH, will serve as one illustration. The reac- 
tions are: 

Na[CH 3 COCHCOOC 2 H 5 ] + CICH2COOC2H5 — > 

CH 3 COCHCOOC 2 H 6 dii. 

j — ^ CH 3 COCH 2 CH 2 COOH. 

CH 2 COOC 2 H 6 NaOH 

ketonic 

cleavage 

Direct Alkylation of Ketones. In some cases the direct alkylation of ketones 
may be accomplished. It has already been stated that acetone and other 
simple ketones will react with sodamide (NaNH 2 ) in dry ether to form a metal- 
lic derivative. These compounds can be alkylated, and just as in the case of 
acetoacetic ester or malonic ester, the alkyl group becomes attached to carbon. 
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The direct alkylation of acetone by this procedure with methyl iodide yields 
first methyl ethyl ketone, CH 3 COCH 2 CH 3 : 

CH3COCH3 + NaNH 2 — > [CH 3 COCH 2 ]Na + NH 3 , 
[CH 3 COCH 2 ]Na + CH S I — ^ CH 3 COCH 2 CH 3 + NaL 

On treatment again with sodamide and then a further amount of methyl 
iodide, a mixture of two ketones is produced: CH 3 CH2COCH 2 CH 3 and 
CH3COCH (CH*)*. In this way the process may be repeated until hexamethyl 
acetone, (CH 3 )sCCOC(CH 3 ) 3 , is formed. This interesting substance has 
already been referred to as showing almost none of the typical reactions of a 
ketone (p, 144). 

QUESTIONS AND PROBLEMS 

X. Outline the steps in the synthesis of the following acids with the aid of 
malonic ester: CH 3 CH 2 CH 2 COOH, (CH 3 ) 2 CHCOOH, (CH 3 ) 2 CHCH 2 COOH, 
CH3CH2CHCOOH. 

I 

ch 3 

2. Illustrate the use of acetoacetic ester in the synthesis of ketones by 
outlining the steps in the preparation of the following compounds: 
CH 3 COCH 2 CH 3 , CH 3 COCH 2 CH2CH 2 CH 2 CH 3 , CH3COCH (CH S ) CH 2 CH 3 , 
(CH 3 CH 2 ) 2 CHCOCH 3 . 

3. Compare and contrast the isomerism of the following pairs of com- 
pounds: ethyl alcohol, methyl ether; n-propyl alcohol, isopropyl alcohol; 
racemic tartaric acid, meso tartaric acid; dextro lactic acid, laevo lactic acid; 
enol form of acetoacetic ester, kefco form of acetoacetic ester. 

4. In what respects would you expect the following compounds to resem- 
ble each other? In what respects might they differ? CH 3 CH(COOC 2 Hs) 2t 
CH 3 CH 2 COCH 2 COOCH 3 , CH 3 COCH 2 CHO, CH3COCH 2 CH 2 COCH 3 . 

5. Outline the evidence which indicates that liquid acetoacetic ester is an 
equilibrium mixture of a keto and enol form. 

6. If /3-hydroxy butyric acid were oxidized in a boiling solution what 
product would you expect to be formed? 

7. Starting with acetic acid, methyl and ethyl alcohols show how one 
could synthesize the following: (CH 3 CH 2 ) 2 CHCOOH, CH 3 CH 2 CH 2 COCH 3 , 
(CH 3 ) 2 CHCOH(CH 3 ) 2 , -GH s CH 2 CHCHBrCH a , CH 3 CH(COOH)CH(CH 3 )- 

CH 3 

COOH, CH 3 COCH(CH 3 )CH 2 COOH. (Employ the acetoacetic ester synthe- 
sis, or the malonic ester synthesis where possible. ) 

8 . Predict the action of sodium ethylate on the following (give reasons for 
your prediction): (a) CH 3 COCH 2 CHO; (b) CH 3 CH 2 COCH 2 CH 2 COCH 3 ; 
(c) CH 3 CH 2 COCH 3 ; (d) CH 3 CH 2 COCH 2 CN; (e) C 2 H 6 CH(COOC 2 H 6 ) 2 . 

9. Outline a mechanism involving enolization for each of the following 
reactions: (a) bromination of an ester; (b) the action of sodamide on methyl- 
acetone; (c) aeetylacetone treated with ethyl magnesium bromide (ethane 
fdrmed). 
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10. Illustrate with equations Kurt Meyer’s method for determining enolie 
content. How would you explain the fact that acetoacetic ester in hexane is 
enolized to the extent of 46 per cent whereas in water the enol content is 0.4 
per cent? 

11. Define: (a) tautomeric change; (b) acid and ketonic cleavage of aceto- 
acetic ester; (c) direct alkylation of ketones; (d) chelation. 

12 . Differentiate by simple tests between: (a) CH 3 COCH 2 COOC 2 H 6 and 
CH 3 CH 2CH 2 COO CH 3 ; (b) CH 2 (COOC 2 H 6 ) 2 and (CH.) a C(COOC,H # )s; 
(c) CH 3 COCH 2COOH and CH3COCH2CH2COOH; (d) CHjCOCHBr- 
COOC 2 H 5 and CH 3 CHBrCH 2 COOC 2 H 6 . 




CHAPTER XIV 

DERIVATIVES OF CARBONIC ACID 


Carbonic acid, (H 2 C0 3 ), is a dibasic acid which occupies an 
exceptional position because it does not contain two carboxyl 
groups. The free acid is not known in the pure state; an aqueous 
solution of carbon dioxide undoubtedly contains a considerable 
proportion of. carbonic acid in equilibrium with the gas 

H,0 + C0 2 ^ 0 = C(OH) 2 . 

The salts of carbonic acid, the carbonates, can be prepared by 
adding alkali to such aqueous solutions. They are considered 
fully in books dealing with inorganic chemistry and for this 
reason need not be further discussed. The derivatives of carbonic 
acid which are of interest to the organic chemist are usually pre- 
pared neither from carbon dioxide nor the carbonates. The acid 
chloride of carbonic acid, COCI 2 , known as phosgene, is the more 
usual starting point. 

Phosgene. Phosgene is prepared by the action of carbon 
monoxide and chlorine in the presence of light or a catalyst : 

Cl 

light or a catalyst / 

CO + Cl 2 — > c - o 



Phosgene is also formed by the oxidation of chloroform or carbon 
tetrachloride. The slow oxidation of chloroform by air has 
already been mentioned (p. 133). 

The two chlorine atoms in phosgene are directly attached to the 
carbon atom of a carbonyl group. For this reason the reactions 
of the substance are those of an acid chloride. When treated 
with water, carbon dioxide and hydrochloric acid are formed: 
COCb -f- H 2 0 — > C0 2 + 2HC1. 

With ammonia the diamide is formed. It is known as urea: 
COCl 2 + 2NH 3 — > CO(NH 2 ) 2 + 2HC1. 

urea 

When alcohol and phosgene interact the reaction proceeds in 
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two definite steps; the product of the first step may be isolated 
before it reacts further. It is known as ethyl chlorocarbonate : 

Cl Cl 

C^=0 + CjH&OH — 5- cC o + HC1. 

x oc 2 h 6 

Phosgene is a gas at ordinary temperatures (boiling point 8°). 
It has a very irritating odor, and is extremely poisonous. It was 
largely used as a war gas in the World War. Experiments have 
shown that a concentration of less than a milligram per liter will 
kill animals after a short exposure. 

Ethyl Chlorocarbonate. Ethyl chlorocarbonate, CICOOC 2 H 5 , 
is prepared from phosgene and ethyl alcohol as just described. It 
is a liquid insoluble in water, with an unpleasant sharp odor, and 
boils at 93°. It is also knowm as chioroformic ester, since it may 
be regarded as the ester of a formic acid in which the hydrogen 
has been replaced by a chlorine atom. Chioroformic acid itself, 
C1C00H, should be the first product formed by the hydrolysis of 
phosgene, but it has never been isolated. It probably decomposes 
at once into hydrochloric acid and carbon dioxide. 

Ethyl chlorocarbonate is both an acid chloride and an ester. 
Many of its reactions are those characteristic of an acyl halide. 
Hydrolysis, alcoholysis, and ammonolysis all proceed readily: 
CICOOC2H5 4 - H 2 0 — ^ CO, 4 * C 2 H 5 OH 4- HC 1 , 

CICOOC2H5 4 - C2H5OH — CO(OC 2 H 5 ) 2 4 - HC 1 , 

CICOOC2H5 + NH 3 — ^ NHsCOOCoHs 4 - HC 1 . 

The product of the second reaction written above is the diethyl 
ester of carbonic acid, ethyl carbonate. It is the final product of 
the interaction of phosgene and alcohol. It is a sweet smelling 
liquid insoluble hi water and boiling at 126°. It is easily hydro- 
lyzed and yields carbon dioxide and alcohol. 

Urethanes or Esters of Carbamic Acid. The product of the 
interaction of ammonia and chlorocarbonate is an ester of car- 
bamic acid, also known as a urethane, NH 2 COOR. Carbamic 
acid itself, NH 2 COOH, is unknown in the free state, but its salts 
are stable compounds. The simplest of these is the ammonium 
salt which is formed by the direct union of dry carbon dioxide 
and dry ammonia: 

2NH 3 4 - C 0 2 — ^ NH2COONH4. 

ammonium carbamate 
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The ethyl ester of carbamic acid (ethyl urethane) is a crystalline 
solid melting at 150° and boiling at 184°. It has no basic proper- 
ties. It has a strong hypnotic effect on animals and is often used 
in physiological experiments. Some of the urethanes of the higher 
alcohols have been marketed as hypnotics and sedatives. When 
chlorocarbonic ester reacts with a primary or secondary amine 
instead of ammonia an alkyl urethane results: 

RNH 2 + CICOOC 2 H 5 — RNHCOOC 2 H 5 + HCL 

Diazomethane. The very interesting and useful substance 
diazomethane, CH 2 N 2 , can be prepared from an alkyl urethane. If 
the urethane obtained from methylamine and chlorocarbonic 
ester is treated with nitrous acid, the hydrogen on the nitrogen is 
replaced by a nitroso group; this is similar to the reaction of 
secondary amines (p. 160). When this nitroso compound is 
treated with strong alkali, diazomethane is formed: 

C1C00C 2 H 6 -h CH 3 NH 2 — > CH 3 NHCOOC 2 H 5 4- HC1, 

CH 3 NHCOOC 2 H 5 + HONO — > CH 3 NCOOC 2 H 6 + H 2 0, 

NO 

CH 3 NCOOC 2 H 6 + 2KOH — > CH 2 N 2 + K2CO3 + C 2 H 6 OH + H 2 0 . 

NO 

Diazomethane is a yellow gas which liquefies at —23° and is 
very soluble in ether. It reacts with organic acids with the 
elimination of nitrogen and formation of a methyl ester according 
to the following equation: 

CH 2 N 2 + RCOOH — >• RCOOCHs + N* 

It is often used in ether solution for the preparation of methyl 
esters. It is slowly decomposed by water, particularly in the 
presence of mineral acids, forming methyl alcohol and nitrogen. 
It is an extremely poisonous substance and attacks the skin, 
lungs, and eyes. 

yN + 

Two formulas for diazomethane are often written CH 2 < 11 and CH 2 = N = 

Nn 

N. The evidence from physical measurements favors the latter. 


DERIVATIVES OF CARBONIC ACID 


249 


Urea 

Urea, or carbamide, CO(NH 2 ) 2 > because of its significance in 
physiological chemistry, is an important derivative of ammonia. 
It is the principal end-product of the metabolism of nitrogenous 
foods in the body and is excreted in the urine. 

Urea is the diamide of carbonic acid but, unlike other amides, it 
has basic properties and forms salts. Both urea and its salts are 
white crystalline solids soluble in water. Urea itself melts at 132° 
and decomposes on further heating. In the isolation of urea from 
urine, the concentrated solution is treated with nitric acid; on 
cooling, urea nitrate crystallizes from the mixture: 


NH 2 

C^ O + HN 0 3 ■ 
^NHs 


NH3NO3 

•C <0 

\ 

nh 2 . 

urea nitrate 


Urea is a very weak base (see Fig. 20, p. 158) and its salts are 
largely hydrolyzed in aqueous solution. 

Wohler’s Synthesis of Urea. The first synthesis of urea was 
accomplished by Wohler 1 in 1828. He found that, on slow 
evaporation, a water solution of ammonium cyanate yielded urea: 

NH 2 

100 0 / 

NH4OCN — >• C - O 

in aqueous \ 
solution NH2. 

His discovery awakened great interest. It was the first synthesis 
of a typical natural product, and did much to break the barrier 
surrounding the supposedly mysterious chemistry of living things. 
The preparation of urea from phosgene (p. 246) was accomplished 
later. 

Industrial Preparation of Urea. Urea is now prepared on a 
large scale industrially for use as a special (and expensive) fertilizer 
and for the production of certain resins. The reaction employed 
is similar to one of the general methods of preparing amides; 
namely, — the heating of an ammonium salt. Carbon dioxide 
and ammonia are heated under pressure. The exact control of 
the temperature and pressure is important because a series of 

1 Friedrich Wohler (1800-1882), Professor at the University of Gottingen, 
Germany. 
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reversible reactions is involved; a good yield of urea is only 
obtained under special conditions. 

ONH 4 NH 2 

C0 2 + 2NH 3 O =5=2= C = O + H 2 0 

ammonium 

carbamate 

+ EUO \\ 

onh 4 

/ 

c = o 

YnH,. 

ammonium 

carbonate 

Reactions of Urea. The hydrolysis of urea in water solution is 
brought about in the presence of the enzyme urease, which lias 
been isolated from the soy bean. This method forms the basis of 
a clinical method of determining urea. The amount of ammonia 
formed from a known weight of sample can be easily determined 
colorimetrically, or by titration with a standard acid: 

enzyme 

CO(NH 2 ) 2 + H 2 0 — >- C0 2 + 2NHj. 

urease 

The reaction with sodium hypobromite (in a sense, the Hofmann 
reaction) has also been used for the determination of the amount 
of urea in urine. The volume of nitrogen evolved from a known 
sample can easily be measured in a suitable apparatus: 

CO(NH 2 ) 2 + 3NaOBr + 2NaOH — > Na 2 C0 3 + N 2 + 3NaBr + 3H 2 0. 

As so often happens in organic chemistry, the reaction does not 
proceed entirely in the way outlined by the above equation. The 
method must be standardized by finding the amount of nitrogen 
evolved under certain conditions with known weights of urea. 

The Ureides. The hydrogen atoms of urea may be replaced by 
acyl groups by the action of an acid anhydride on urea. In 
this way monoacetyl urea, NH 2 CONHCOCH 3 , and diacetyl urea,, 
CH3CONHCONHCOCH3, can be prepared. These substances,, 
which may be defined as the acyl derivatives of urea, are known as 
ureides: 


CO(NH 2 ) 2 + 2(CH 3 C0) 2 0 — >0 « C(NHCOCH 3 ) 2 + 2CH 3 COOH. 
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The most important ureides are the cyclic ureides, derived 
from the dibasic acids, oxalic acid and malonic acid. These 
compounds are conveniently formed by treating urea with the 
acid chloride or the diethyl ester of the dibasic acid. In the 
latter case sodium ethylate is used as a catalyst for the reac- 
tion: 


O = C : C! H ; NH 

:e:> 

O = C i Cl H i NH 


: O ■ 


oxalyl chloride 


CO - NH 
\ 

/ 

CO-NH 

oxalyl urea 


CO, 


CHs 


co : oc 2 h 5 h 


NH 


-h 


Co •; oc 2 h 6 

ethyl maionate 


H i NH 


> 


CO - NH 
NaOCjHs / \ 

■ 0 — ►- ch 2 CO. 

\ / 

CO-NH 

malonyl urea 
or' 

barbituric acid 


The second reaction above is reminiscent on the one hand of the 
formation of amides from esters (p. 149) and on the other of the 
condensation of esters with ketones and other esters (p. 239). 
It is interesting that the formation of cyclic ureides only occurs 
when a five- or six-membered ring can be formed. 

Barbituric Acid. Malonyl urea, the cyclic urea of malonic 
acid, is also known as barbituric acid. It is a weak acid in aqueous 
solution. We have previously seen in the case of the cyclic imides 
(p. 206) that a hydrogen on a nitrogen atom between the two 
carbonyl groups is acidic. This phenomenon is particularly 
marked in the case of the cyclic ureides. (A further discussion of 
these cyclic compounds will be reserved for Chap. XXVIII, 
p. 522). 

The ureide of diethyl malonic acid is used in medicine as a 
soporific, and is known as barbital (veronal). It is made from 
the diethyl ester of diethyl malonic acid by a reaction exactly 
parallel to the one given above: 


(C 2 H 6 ) 2 C' 


\ 


cooc 2 h 5 nh 2 

i 

4- CO 


/ 


COOC2H5 nh 2 


CONH 

(CjHs^cV ' X CO. 
\ / 
CONH 

barbital 
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A variety of barbituric acid derivatives are marketed as sopo- 
rifics; in these, other alkyl groups replace the ethyl group of 
barbital. 

Nitrourea and Semicarbazide. One of the hydrogen atoms of 
urea may be replaced by a nitro group. This is accomplished by 
adding solid urea nitrate to concentrated sulfuric acid at —3°: 

H2SO4 

NH 2 CONH 2 . HNO, — >• NH 2 C0NHN0 2 + H 2 0. 

-3° 


Nitrourea is a crystalline solid which melts with decomposition 
at 150°. The chief importance of nitrourea lies in the fact that 
it is readily reduced to semicarbazide, NH 2 CONHNH 2 : 

NH 2 C0NHN0 2 + 6[H] — > NH 2 CONHNH 2 + 2H 2 0. 

(electrolytic 

reduction) 

Semicarbazide is a crystalline solid melting at 96°; it is easily 
soluble in water and alcohol, but insoluble in most organic sol- 
vents. Its basic strength is about that of the amines. It is 
usually prepared and marketed as the sulfate or hydrochloride, 
NH 2 CONHNH 2 .HCI, and in this form is widely used in the 
laboratory in the preparation of semicarbazones (p. 122). 

Alkyl Ureas. Alkyl derivatives of urea in which one or more hydrogen 
atoms of the urea molecule are replaced by an alkyl group can be made by 
reactions very similar to those used in the preparation of urea except that an 
amine is substituted for ammonia. They are similar to urea in their properties 
and are crystalline solids. 

Cyanic Acid 


If a molecule of ammonia is eliminated from urea, cyanic acid, 
HNCO, results. This substance polymerizes very easily to 
cyanuric acid, a compound in which three molecules of cyanic acid 
are joined in a ring. The polymer is the actual substance formed 
when urea is heated with zinc chloride: 


H 


NH 


H 2 N: 


\ ZnCIjj polymerizes 

C = 0 — >- HNCO — (HNCO)*. 

/ 220 spontaneously 


urea 


cyanic acid 


cyanuric acid 
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Preparation of Cyanic Acid from Cyanuric Acid. Cyanuric 
acid is a white solid which is insoluble in almost all solvents. On 
heating it depolymerizes with the formation of cyanic acid. 
Cyanic acid is extremely unstable in aqueous solution, decom- 
posing according to the following equation: 

HNCO + H 2 0 — > C0 2 + NH S . 

Tautomerism of Cyanic Acid. The formula for cyanic acid 
may be written in one of two forms, HOC s= N or 0 = C = NH; 
the latter is called the isocyanie acid formula. Alkyl derivatives 
(esters) of the second form, OCNR, are known and are called 
alkyl isocyanates. Esters having the alkyl group attached to 
oxygen are unknown. Since the two possible formulas for cyanic 
acid differ by the position of a hydrogen atom and an unsaturated 
linkage, the problem presented by this substance is similar to the 
one considered in the previous chapter. However, unlike aceto- 
acetic ester no tautomeric isomers of cyanic acid have been isolated. 
If the liquid cyanic acid or a solution of it contains both tautomeric 
forms as seems probable, the conversion of the one into the other 
must be very rapid. So rapid, indeed, as to make the isolation of 
isomers very difficult if not impossible. This type of tautomerism 
is more nearly like that of malonic ester (p. 239) than acetoacetic 
ester. The best information which is available as to the structure 
of cyanic acid comes from a comparison of the physical properties 
(particularly the absorption of light) of the acid and the esters 
(isocyanates RNCO). Since the resemblance is close in many 
respects the formula OCNH is preferred to HOCN. 

The tautomeric behavior of cyanic acid is not unique. On the contrary, 
there are numerous cases where we are unable to decide definitely on chemical 
grounds between two tautomeric formulas. Hydrocyanic acid is another 
example. Its structure might be HC = N like that of a nitrile or C = NH 

like that of an isonitrile. Since HCN resembles in physical properties the 
nitriles rather than the isonitriles, it is believed that the liquid contains 

OH 

chiefly the substance HC = N. The amides might be written RO^ 

jnh 

instead of RCONH 2 . In this case, also, indirect evidence leads us to prefer 
one of the two tautomeric formulas, namely RCONH 2 . 

Reactions of Cyanic Acid. Cyanic acid reacts with water form- 
ing ammonia and carbon dioxide, with alcohols to form urethanes, 
with ammonia to form urea, and with a primary or secondary 
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amine to form a substituted urea. It is evident that in each reac- 
tion addition occurs at the C = NH group and a hydrogen atom 
becomes attached to the NH group. 

O 

/ 

o = c - NH + H 2 0 — > HOC - NH 2 — C 0 2 -f NH 3 

earbamic acid 

o 

X 

O = C = NH + C2H5OH — > C2H5OC - NH 2 

urethane 

0 = C- NH + NH 3 — NH2CONH2 

0 

0 = C = NH + RNHo — > RNHC - NH 2 . 

XJrea itself may sometimes be used as a source of nascent cyanic 
acid, since urea on losing a molecule of ammonia passes into 
cyanic acid. Thus, if urea is heated with normal butyl alcohol for 
some hours, the small amount of cyanic acid which is slowly 
formed reacts with the butyl alcohol and forms a urethane. 

slowly 

NH2CONH2 — ^ NH 3 + HNCO, 

HNCO + C4H9OH — > NH2COOC4 Ha. 

buty learbam ate 
(a urethane) 

This is a convenient method of preparing certain urethanes. 

The Cyanates. The salts of cyanic acid are known as the 
cyanates. They can be prepared by bringing together the gaseous 
acid and a base, or more conveniently by the oxidation of cyanides. 
For example, potassium cyanate can be prepared by the oxidation 
of potassium cyanide with lead oxide: 

KCN + PbO — > Pb + ICOCN. 

The isocyanates are prepared by the action of an alkyl iodide on 
potassium or better silver cyanate: 

AgNCO + HI — >■ RN = C = O + Agl. 

Another method of preparing alkyl isocyanates is by the oxidation 
of an isonitrile: 

ENC + HgO — >- RNCO + Hg. 
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The alkyl isocyanates are volatile liquids with a very dis- 
agreeable odor. They are somew r hat unstable, tending to poly- 
merize to trimers (esters of isocyanuric acid). (It will be recalled 
that alkyl esters of cyanic acid, ROCN, are unknown (p. 253).) 
The isocyanates are hydrolyzed by warming with alkali with the 
formation of a primary amine and carbon dioxide. This fact 
proves that the alkyl group is attached to nitrogen: 

NaOH 

CH S N = C = 0 + H 2 0 — ^ CH 3 NH 2 + C0 2 . 

The isocyanates combine with alcohol to form alkyl urethanes and 
with amines to form disubstituted ureas: 

RNCO + R'OH — > RNHCOOR' 

RNCO H- R'NH 2 — > RNHCONHR'. 

A few of the isocyanates (in which R is a large group) are used to 
identify alcohols and amines, since the urethanes and the disubsti- 
tuted ureas obtained are crystalline solids which have definite 
melting points. 

Isocyanates from Acid Azides. An important reaction for 
the preparation of isocyanates (or their addition products) from 
acids involves a peculiar compound known as an acid azide, 
an acyl derivative of hydrazoic acid, HN 3 . These compounds 
may be prepared by the interaction of acid chlorides and sodium 
azide. 

RCOC1 + NaN 3 — > RCON 3 + NaCl 

an acid 
azide 

The acid azides are unstable and reactive compounds. On heat- 
ing they lose nitrogen gas and undergo a remarkable shift of 
atoms or molecular rearrangement, known as the Curtius rear- 
rangement. 

RCON 3 — > N 2 4- T RCON<H — 5 - RN = C = 0 

isocyanate 

The compound RCON<^ which is probably the first product con- 
tains a monovalent nitrogen atom and has therefore only a momen- 
tary existence. By the shift of the alkyl group, all the atoms can 
assume their normal valency. 

The importance of the Curtius reaction lies in the fact that the 
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resulting isocyanate can be transformed by the reactions given 
above into a primary amine, a urethane, or a urea derivative. 
Thus, by the use of the azides, the same type of degradation may 
be accomplished as by the Hofmann reaction. For example: 

RCH 2 COOH — >-RCH 2 COCl — ^RCH 2 CON 3 — >RCH 2 NCO — >RCH 2 NH 2 

The acid azides may also be formed by the action of nitrous acid on the acyl 
derivatives of hydrazine, NH 2 NH 2 . These compounds in turn may be pre- 
pared by the action of hydrazine on esters or amides. 

RCOOC 2 H 5 + NH2NH2 — > RCONHNH, + C 2 H 5 OH 

RCONHNH 2 + HN0 2 — >- RCON s + 2H 2 0. 

(NaNOa + HC1) 

Fulminic Acid. A very unstable compound isomeric with cyanic acid is 
fulminic acid, for which the following formula must be written: CNOH. The 

electronic formula is perhaps the following: H : O : N * * C : It should be 

noted that although this substance is an isomer of cyanic acid, it is not a 
tautomeric form, since it can not pass into cyanic acid by a mere transfer of 
hydrogen. It differs from cyanic acid in the order in which the carbon, 
nitrogen, and oxygen atoms are arranged. The mercury salt of this acid has 
been known for a long time because it is formed when mercuric nitrate, alcohol, 
and nitric acid are brought together. It is a powder, insoluble in alcohol and 
water. When dry it is a powerful explosive, detonating with a very slight 
blow. It is known as mercury fulminate and is used extensively in the 
manufacture of priming caps which explode when struck a sharp blow. A 
similar compound is silver fulminate, prepared in the same way from silver 
nitrate, nitric acid, and alcohol. The free fulminic acid can be prepared from 
these salts. It is a very unstable, volatile compound which is extremely 
poisonous. 

Other Ammonia Derivatives of Carbonic Acid 

If we imagine that all the hydroxyl groups of the hypothetical 
ortho carbonic acid, C(OH) 4 , are replaced by NH 2 groups, the 
compound C(NH 2 ) 4 would result. This substance is unknown, 
but the compound which would result from it by loss of a molecule 
of ammonia is a well known and an important substance. It is 
guanidine, C( = NH)(NH 2 ) 2 . By further loss of ammonia, guani- 
dine passes into another interesting substance, cyanamide, 
NH 2 CN. We thus have a series of compounds each formed from 
the other by loss of ammonia. This series is analogous to 
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that formed from the dehydration products of ortho carbonic 
acid: 


Relationship op Derivatives of Carbonic Acid 


Hypothetical. Loss op 

Ortho Form H2O or 

(Unknown) NH,i 


Loss op 

H2O OR 

NHj 


(HO) 2 C(OH) 2 

-h 2 o 

— > 0=C(0H) 2 

-h 2 o 


carbonic acid 

+h 2 o 


0=C=0 


(HO) 2 C(NH 2 ) 2 


(H 2 N) 2 C(NH 2 )2 


-h 2 o 

0 = C(NH 2 ) 2 

-NHs 

0— C = NH or 
HOC-N 


urea 

+NH a 

cyanic acid (polymer 

-NH, 

HN = C(NH 2 ) 2 

-nh 3 

cyanuric acid (HNCOD 

HN = C = NH or 
H 2 NC-N 


guanidine 


cyanamide 


Guanidine. We have just seen that guanidine is related to the 
ortho form of carbonic acid. Therefore, it is not surprising that it 
may be prepared by the action of ammonia on the ethyl ester of 
ortho carbonic acid: 


NH 2 

160 ° / 

C(OC 2 H 6 ) 4 + 3NH 3 — > C = NH + 4C 2 H 6 OH. 

ethyl \ 

ortho carbonate NH 2 


This tetraethyl ester of the unknown ortho form of carbonic acid 
may be prepared by the action of potassium ethylate on carbon 
tetrabromide. (This reaction is exactly analogous to the method 
of preparation of the esters of orthoformic acid [p. 133].) 

Other more convenient methods of preparing guanidine are 
available. It can be prepared by the addition of ammonia to 
cyanamide: 

NH 2 CN 4* NH S — >- (NH 2 ) 2 C = NH. 

Guanidine is a colorless, very hygroscopic, crystalline solid 
which is exceedingly soluble in water. Surprisingly enough it is 
as strong a base as sodium hydroxide (see Fig. 20). It is usually 
prepared and used in the form of one of its salts. For example, 
in the preparation of guanidine from cyanamide the source of the 
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ammonia is ammonium chloride, and the hydrochloride of guani- 
dine is the actual product: 

CNNH S + NH 4 CI — > HN - C(NH 2 ) 2 .HCL 

Reactions of Guanidine. Guanidine is readily hydrolyzed 
with the formation of urea and ammonia. The reaction is cata- 
lyzed by the presence of bases : 

alkali 

(NH 2 ) 2 C - NH + H 2 0 — > CO(NH 2 ) 2 + NHs. 


When guanidine carbonate is fused with potassium hydroxide a 
molecule of ammonia is lost and cyanamide is formed: 


NH* 
C^N 


H 

NH 2 


molten 


KOH 


NH 2 C sN + nh 3 . 


Structure of Guanidinium Ion. The salts of guanidine such 
as guanidinium chloride, (NH 2 ) 2 CNH 2 C1, contain the ion 
[(NH 2 ) 2 CNH 2 ] + . For such an ion, three formulas might be 
written : 


h 2 n = 

\ 


nh 2 


h 2 n - c 


nh 2 


/ 

\. 


nh 2 - 


h 2 n - c 


/ 


nh 2 


nh 2 


\ 


nh 2 + 


In the ion derived from guanidine itself, these appear identical 
but if one hydrogen atom is replaced by an alkyl group, two clear- 

nh 2 + nh 2 

ly different formulas H 2 N— andH 2 N—C^ can 

NHR NHR+ 

be written. All these formulas differ in the position of a double 
linkage but unlike the isomeric formulas we have hitherto encoun- 
tered, they may be transformed into each other without any shift of an 
atom or group. No isomers corresponding to these formulas have 
ever been isolated . This is not surprising when we realize that if 
such isomers existed they would differ only in the position of a link- 
age, that is, of valency electrons. No isomers have ever been found 
in all of organic chemistry whose structural formulas differ only by 
the position of electrons. Instead, it has been found that when 


Mi 
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such isomeric formulas may be written the compound in question 
is usually remarkably stable. Thus the guanidinium ion has much 
less tendency to lose a proton (H + ) than has the ammonium ion. 
In other words, guanidine is a remarkably strong base (approxi- 
mately 10,000 times stronger than the amines). 

Resonance. An explanation of the marked stability of the 
guanidinium ion and other compounds of this general type has 
been advanced within the last decade. To understand this 
explanation fully one must be familiar with the application of 
wave-mechanics to the electron theory of valence. The essential 
conclusions can be stated rather simply, however. If a molecule 
can have two or more structures which differ only by the shift of 
valency electrons representing unsaturation, then in most instances, 
the actual structure does not correspond to any of the formulas 
which are written but partakes to some extent of the properties of 
all; the compound has a greater stability than corresponds to any 
of the formulas. The molecule is then said to exhibit resonance. 
It can not be represented accurately by any one formula for it is a 
resonance-hybrid of two or more structures. 

Resonance Energy Shortens Links. One manifestation of 
resonance energy is the shortening of the links between atoms. 
The energy which binds the atoms is increased by resonance and 
the atoms come nearer together. By means of the X-ray analysis 
of crystals and the diffraction of electrons by gases it is possible 
to determine the inter-nuclear distances in many compounds. In 
carbon compounds in which there is no resonance, the distance 
between the atoms is remarkably constant for a given type of link- 
age. Thus the distance between atomic centers in the normal 
C — N bond is 1.48 Angstrom units (A = 10~ 8 cm.) and for C = N, 
1.28A. The structure of the guanidinium ion has been found by 
X-ray analysis. of the solid salts to be a perfectly symmetrical 
arrangement of three NH 2 groups around a central carbon atom 
with a distance between the carbon and nitrogen atoms of 
only 1.18A. This corresponds to a large resonance energy. 
It should be noted further that the symmetry revealed by the 
X-ray analysis of the crystalline salt excludes any formula for 
the ion in which one nitrogen atom is bound differently from the 
other two. 

Other Examples of Resonance. We shall meet with the phenomenon of 
resonance several times again. Of the compounds already considered, a few 
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which exhibit marked resonance may be considered at this point. Carbon 
monoxide has a very large resonance energy, the two resonating structures 


being 


; C : : 0 : and : C ; : O : 


The ion of the carboxyl group RCOO", is a resonance-hybrid of the two struc- 
O CT 

tures RC and RC . The carboxylic group itself also exhibits reso- 

Yr \ 

nance, the two forms being: 


0 

RC — OH 


and 


0 “ 

/ + 

RC == OH 


(a transfer of an electron 
with resulting inner charge 
as in the amine oxides) 


The first (represented by the usual formula) is more stable and contributes 
much more than the other to the resonance. The two structures of the ion 
RCOCT on the other hand are equivalent. In general, the more nearly equiv- 
alent the resonating structures the greater the resonance energy. There- 
fore, the ion of the carboxylic group has greater resonance energy than the 
free acid. Hence, the process of ionization is favored by resonance. 

Guanidine itself (the free base) also exhibits resonance but, as in the case 
just mentioned, the resonance energy is much less 'than with the ion. There- 
fore, salt formation is favored by resonance. The relatively weak resonance 
of the free base involves the following structures : 


HN = C 


/ 


NH 2 


\ 


HN 


NH 2 


/ 

v 


NH 2 


nh 2 


HN — C 




NH 2 


\ 


NH 2 


The shift from the first formula on the left to the second involves the follow- 
ing electronic change: 


H 

(-) 

H 

: : C : N : — =»H :N :C : 

:N(+). 

h 2 n h 

H 2 N 

H 


The distribution of plus and minus signs on the formula to the right follows 
from the fact that the octet of the left hand nitrogen atom contains six electrons 
contributed by nitrogen. This is one more than the normal, hence the nega- 
tive sign. Similarly the nitrogen atom on the right contributes only four 
electrons to the octet, the others coming two from two hydrogen atoms and 
two from carbon. Hence this nitrogen atom may be considered to have lost 
an electron and to carry a positive charge. Unlike the resonating structures 
of the guanidinium ion these structures are not equivalent, the first being more 
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stable than the others. Urea also exhibits resonance, the formulas again not 
being equivalent: 

0 0 o 

NHsC ^ NH 2 NH s C £ NH 2 + H 2 N = C - NH 2 . 

The C— N distance in urea is only shortened from the normal 1.42 A to 1.37A. 

Resonance in Chelate Rings. In the last chapter, it was pointed out that 
in certain metallic derivatives of enols, chelate rings were present. A similar 
ring appears to be present also in the enol form itself (i.e., the hydrogen com- 
pound). This appears to be the case although the formation of this ring 
involves the hydrogen atom having a co- valence of two. The stability of this 
ring (which, however, is not great in the case of the hydrogen compound) is 
probably largely due to resonance. If the formula on p. 237 is examined it 
will be seen that the double bonds may be shifted without moving any atom 
or group. The two formulas which can be written represent the two resonat- 
ing structures. The possibility of resonance between these forms is responsi- 
ble for the increased stability of such rings. This explains why in this instance 
hydrogen becomes part of a ring system although in general there is no ring 
formation involving divalent hydrogen. For example, when an hydroxyl 
group and a ketone group are separated by two saturated carbon atoms no 
chelation occurs. 

Cyanamide. Cyanamide, NH 2 C s N, may be regarded as the 
nitrile of earbamie acid, NH 2 COOH. As in the case of cyanic 
acid and many other compounds, the position of the hydrogen 
atom in this compound can not be considered as definitely estab- 
lished. Many of the reactions of the substance correspond to 
the formula NH = C = NH, rather than NH 2 C == N, and the 
liquid may be a mixture of both forms. Cyanamide may be 
prepared from guanidine by the method given in a preced- 
ing paragraph. It is also formed from urea by the action of 
dehydrating agents, and by the interaction of ammonia and 
cyanogen chloride: 

S0C1 2 

. CO(NH 2 ) 2 — cnnh 2 + h 2 o, 

C1CN -f- NHa — > NH 2 CN + HC1. 

Cyanamide is a deliquescent, colorless solid melting at 41°-42°. 
It is soluble in water, alcohol, and ether. It has very weakly 
basic properties; even its salts with strong acids are completely 
hydrolyzed by water. It is also a weak acid, and forms sodium 
and potassium salts which are stable in aqueous solution. Free 
cyanamide is difficult to keep in a pure state as it passes over into 
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dicyandiamide in the presence of moisture. On hydrolysis 
cyanamide yields urea: 

heated 

CNNH 2 + H 2 0 — s- CO(NH 2 ) 2 . 

. S f Its of Cyanamide. Calcium cyanamide is a substance of great commer- 
cial importance. It is prepared by heating calcium carbide and nitrogen in an 
electric furnace: 

CaC 2 + N 2 — > CaNCN + C. 

The crude calcium cyanamide thus formed is often called “ lime nitrogen ” 
and is used as a fertilizer. In the soil it first undergoes a hydrolysis to cyana- 
mide, which m turn is hydrolyzed to urea and finally to ammonia. 

In addition to the use of calcium cyanamide as a fertilizer, it can also be 
used as the starting point for the preparation of a number of compounds which 
we have been considering in this chapter. For example, guanidine can be 
prepared from it through the intermediate formation of a compound known as 
dicyandiamide. This is illustrated by the following reactions: 

100 ° 

2CaNCN + 4H 2 0 — >- HN = CNHCN + 2Ca(OH) 2 


NH 2 

dicyandiamide 


NH 


HN - CNHCN + 2NH<NO s — >- 2NH 2 C^ NH 2 .HNO s . 

NH 2 

Dicyandiamide is a colorless, crystalline compound melting at 205°, rather 
soluble in alcohol and water. It has no pronounced acid or basic properties. 
On reduction it yields guanidine and methylamine. 

QUESTIONS AND PROBLEMS 

1. Construct a chart showing reactions involved in transforming calcium 

SSL "*“• S "” di “ „ h: yTLSi” 

It “‘S + ( ?,°Sb, <2 

+ l CH ^ ( ™(NH.),+CH,COa ; 

SKSI -* ttssssssrs 

. , 4 - A W f er solutl< ® is known to contain a considerable amount of sodium 

Bv minTlr^T the f ° ll0Wing: aeetamide ’ ammonium acetate or urea 
SfitfesT experiments could you decide between the three possi- 
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5. What reactions of urea are of importance in its clinical determination? 

6 . Write equations showing several methods of preparing amides. What 
is the commercial method of manufacturing urea? Could a similar pro- 
cedure be used for preparing acetamide? 

7. Outline procedures for preparing the following compounds from urea: 
(a) cyanic acid; (b) n-butylbarbituric acid; (c) isopropyl carbonate; (d) 
guanidine. 

8. Write the formula for methyl guanidine and devise a method for its 
preparation. 


NC 2 H 5 

9. If (CH 3 ) 2 N— C — N(CH 3 ) 2 is treated with ethyl iodide, tetramethyl- 
diethyl-guanidmium iodide is formed. How would you prepare the free base 
and what would you predict as to its properties? Would you expect to be 
able to prepare an isomeric iodide by the action of methyl iodide on 
NCH 3 

X 

(C 2 Hs) 2 N — C — N (CH 3 ) 2 ? Give the reasons for your answer. 

10. The imino derivatives of aldehydes and ketones R 2 C = NH are very 
readily hydrolyzed to ammonia and the carbonyl compound. Why is guani- 
dine so much more resistant to hydrolysis than these compounds? Would 
you expect the amidines to be like the imino derivatives of ketones or like 
guanidine? Why? What would you predict as to the basic strength of 


NH NH 

(CH 3 NH) 2 C = NH, CH 3 cVnHo, CH 3 (Vch 3 , CH3CONHCH3, ClijNH- 
COOC 2 H 5 , CHjNHCONHNHo. Give your reasons. 

11. Write the steps involved in the following transformations: (a) 
RCH 2 COOH to RCH 2 NH 2 ; (b) RCH 2 COOH to RCH 2 NHCOOCH 3 ; (c) 
NH 2 CONH 2 + ROH to NHaCOOR. 


CHAPTER XV 


COMPOUNDS CONTAINING SULFUR 

In many of the preceding chapters, we have been concerned 
with substances which may be regarded as derivatives of water, 
ammonia, or carbonic acid. We shall now consider some organic 
compounds which are derivatives of hydrogen sulfide or related 
to carbon disulfide (CS2). Since sulfur occurs immediately under 
oxygen in the same group of the periodic table, there is a marked 
similarity between sulfur and oxygen compounds. Perhaps the 
greatest difference between the two elements lies in the fact that 
in many substances sulfur has a valence greater than two. Thus, 
we shall find large classes of organic sulfur compounds in which 
the element has a higher valence and for which no analogy exists 
in the compounds containing oxygen. However, the organic 
sulfur compounds in which the valence of sulfur is two, closely 
parallel the corresponding oxygen compounds. Because of this 
close analogy much of the chemistry of simple sulfur compounds 
may be easily related to information already acquired. 

Derivatives of Hydrogen Sulfide 

The monoalkyl derivatives of hydrogen sulfide, RSH, are known 
as mercaptans; they are the sulfur analogs of the alcohols. The 
sulfur analogs of the ethers are the dialkyl derivatives of hydrogen 
sulfide, RSR; they are known as the alkyl sulfides or thio- 
ethers. 

Mercaptans. The commonest method of preparing the mer- 
captans Is by the interaction of an alkyl halide and the mono- 
potassium salt of hydrogen sulfide in alcoholic solutions. This 
reaction is analogous to the preparation of an alcohol by the 
hydrolysis of an alkyl halide: 

C 2 H 5 Br + KSH — >■ C 2 H 5 SH -f KBr. 

Since an alkyl halide is prepared from an alcohol, we have here 
an indirect method of replacing an hydroxyl group by a sulf- 
hydryl group (SH). A direct method of accomplishing the inter- 
change of these groups consists in passing the vapors of an alcohol 
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mixed with hydrogen sulfide over certain catalysts at an elevated 
temperature; 

Th0 2 

ROH -|- H 2 S — > RSH + H 2 0. 

330° 

Properties of the Mercaptans. The boiling points of the 
simpler mercaptans are given in the table. Ethyl mercaptan is a 
colorless liquid with an intensely disagreeable odor. It can be 
detected by its odor in extraordinarily small amounts. Even the 
lower members of the series are but slightly soluble in water. 
They dissolve in sodium hydroxide solution, however, with the 
formation of a sodium salt which is appreciably hydrolyzed. 
The mercaptans are thus somewhat more acidic than the corre- 
sponding alcohols. 


Physical Properties of the Simpler Mercaptans 


Name 

Formula 

Boiling Point 

Methyl mercaptan 

CHsSH 

6° 

Ethyl mercaptan 

C 2 H 5 SH 

37° 

n-Propyl mercaptan 

C 3 H 7 SH 

68° 

Isopropyl mercaptan 

(CHaLCHSH 

59° 


Formation of Thioesters. The mercaptans react with organic 
acids with the elimination of a molecule of water. The resulting 
compound is a sulfur analog of an ester, and is known as a thio- 
ester. As in the case of the formation of esters from alcohols, the 
reaction is a balanced one and does not go to completion. 


CHaCOOH + C 2 H 5 SH 


0 

✓ 

CHsG - SCoH 5 + H 2 0. 

ethyl thioacetate 
(a thioester) 


The fact that water is eliminated in this reaction and not hydrogen sulfide 
is of considerable interest. Formerly, this reaction was considered as con- 
vincing evidence that in the analogous reaction between an alcohol and an 
acid, water is formed by the union of the hydroxyl group of the acid and the 
hydrogen atom of the alcohol. The analogy may be summarized thus: 


ECO jOH 4- h; sc 2 h 5 ; RCO ;OH + Hi OC 2 H 6 . 


The direct proof of the origin of water during esterification has been considered 
on page 98. 

Sulfonic Acids. In their behavior towards oxidizing agents, 
mercaptans are entirely different from alcohols. The action of a 
powerful oxidizing agent increases the valence of the sulfur instead 
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of removing hydrogen. The final product of such an oxidation is 
a substance known as a sulfonic acid : 

C 2 H 6 SH + 3[0] — > C 2 H 6 S0 2 OH. 

ethane sulfonic 
acid 

The sulfonic acids may be regarded as derivatives of sulfuric acid 
in which one hydroxyl has been replaced by an alkyl group. They 
differ greatly from the esters of sulfuric acid (e.g., C 2 H 5 OSO 3 H), 
which are the results of the replacement of a hydrogen atom in 
sulfuric acid by an alkyl group. Unlike the esters of sulfuric acid, 
the sulfonic acids are not hydrolyzed by boiling with alkali. The 
sulfonic acids are strong acids comparable with the mineral acids. 
They are crystalline solids, easily soluble in water. 

The Alkyl Sulfides. The sulfur analogs of the ethers are the 
alkyl sulfides or thio-ethers. The methods of preparation are 
illustrated by the following equations. The first can be used for 
the preparation of mixed sulfides, the second only for the synthesis 
of symmetrical compounds: 

C 2 H 6 SNa + CH 3 I — > C 2 H 6 SCH 3 -f Nal, 

2C2H5I + K 2 s — >- (C 2 H 5 ) 2 S + 2KI. 

The physical properties of some of the simpler alkyl sulfides are 
given in the table. The alkyl sulfides have a disagreeable odor, 
though not so penetrating as that of the mercaptans. Allyl sulfide, 
(CH2 = CHCH 2 )2S, is the chief constituent of oil of garlic. 
They are all insoluble in water and soluble in organic solvents. 
They show no acidic properties, but form addition compounds 
with a number of metallic salts. These addition compounds are 
usually insoluble in water. An example of such a compound is 
the addition product of ethyl sulfide with mercuric chloride, 
(C 2 H 5 ) 2 S.HgCl 2 . 

Mustard Gas. During the World War a dihalogen derivative of an alkyl 
sulfide was used extensively as a poisonous gas. This is the compound known 
as (3, p'-dichloro ethyl sulfide: 

C1CH 2 CH 2 SCH 2 CH 2 C1. 

It is a liquid which boils at 215°. It is insoluble in water but penetrates the 
skin when in contact with it, and in a few hours produces a very painful burn 
and blister. Because of this action it was an extremely potent war gas. The 
exposure of a considerable portion of the body to the fumes of this liquid for a 
short time will produce a burn sufficient to cause serious injury and often 
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death. The compound can be prepared by the direct interaction of ethylene 
and sulfur chloride according to the following equation: 

2C2H4 -f S 2 C1 2 — > (CH 2 C1CH 2 ) 2 S + s. 

This is a peculiar reaction, and the mechanism of it is not clearly understood. 
A more orthodox method of preparing this sulfide is indicated by the following 
series of reactions which starts with ethylene : 

HOC1 Na 2 S HC 1 

C 2 H 4 — ^ CICH2CH0OH — > S(CH 2 CH 2 OH) 2 — > S(CH 2 CH 2 C1) 2 . 

Disulfides. Cautious oxidation of the mercaptans may result 
in the formation of a disulfide, RSSR, instead of a sulfonic acid. 
For example, slow oxidation by the air of ethyl mercaptan, or the 
action of iodine on an alkaline solution produces diethyl disulfide: 

[01 

2C2H5SH — > C 2 H 5 S - SC2II5 4- H 2 0 , 

air 

2C 2 H 5 SNa 4 - I. — > C 2 H s S - SC 2 H 5 4 * 2 NaI. 

Another method of preparing disulfides is to heat an alkyl 
halide with potassium disulfide: 

2C 2 H 6 Br 4 - KA — ^ C 2 H 5 S - SC 2 H 5 4 - 2KBr. 

Sulfonium Salts. Alkyl sulfides combine with one molecule 
of an alkyl halide to form a tri-alkyl sulfonium salt. These com- 
pounds are crystalline solids which are soluble in water: 

(C 2 H 5 ) 2 S 4 - C 2 H 5 I— > (C 2 H 5 ) 3 SL 

triethylsulfonium 

iodide 

The corresponding base may be prepared by the action of silver 
hydroxide : 

(CsHsLSI + AgOH — > (C 2 H 5 ) 3 SOH 4- Agl. 

The sulfonium bases are strong bases comparable to the quater- 
nary ammonium hydroxides. They may be obtained as deli- 
quescent crystalline solids. A brief discussion of these com- 
pounds in an earlier chapter (p. 169) emphasized that the essential 
reaction is the formation of the ion R 3 S + . The salts are thus 
aggregates of the ions R 3 S + and X~, and the corresponding hydrox- 
ides are composed of the ions R 3 S + and 0H“. 

Sulfoxides and Sulfones. Oxidation of the alkyl sulfides with 
such reagents as hydrogen peroxide or nitric acid causes the ad- 
dition of one or two atoms of oxygen without disruption of 
the molecule. The first product is called a sulfoxide and has 
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the general formula R 2 SO ; the final product is a sulfone, 

R 2 S0 2 : 

[ 0 ] 

(C,H 6 ) 2 S + [0] — >- (C 2 HO 2 SO — ^ (C 2 H 6 ) 2 S0 2 . 

ch 2 o 2 ) d is e (hno 3 ) si 

The sulfoxides and sulfones are usually crystalline solids. Di- 
methyl sulfone melts at 109°; the liquid boils at 238°. 

Structure of Sulfones. The structural formulas of the sulfoxides 
and sulfones are often written with a double linkage between the 
oxygen atoms and the sulfur atoms, for example, ethyl sulfoxide, 

(C 2 H 5 ) 2 S = 0, and ethyl sulfone, (C 2 H 5 ) 2 S • When we at- 

\> 

tempt to write electronic formulas corresponding to these for- 
mulas, we immediately encounter difficulties. In the case of the 
sulfoxide, the electronic equivalent of the formula with a double 
linkage would contain a sulfur atom with ten electrons in the 
outer shell (four are common with the oxygen) ; 

R : S :R 
: 0 : 

But there are many reasons to believe that sulfur, like other ele- 
ments of low atomic number, can have only a maximum of eight 
electrons in the outer shell. The electronic formula in which 
both sulfur and oxygen have a complete octet of electrons (but no 
more), is as follows: 

R : S : R 
: 0 : 

It is impossible to write the electronic equivalent of the sulfone 
formula which has two double bonds except by putting twelve 
electrons in the outer shell of sulfur. The correct electronic for- 
mula for a sulfone is, therefore, as -follows: 


: 0 : 

R : S : R 
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It is evident that the linkage between sulfur and oxygen in the 
sulfones and sulfoxides is very similar to that between nitrogen 
and oxygen in the amine oxides. The same is true of two of the 
three oxygen atoms of the sulfonic • acids. It is misleading to 
write the conventional double bond in the formulas of these com- 
pounds; and it has been suggested that such formulas as the 

+ — 

following be employed: R 2 S — 0 or R 2 S~0; compare the amine 
oxides (p. 167). It seems quite unnecessary to express the elec- 
tronic arrangement in the usual structural formula, and such 
noncommittal formulas as the following will be found ample for 
most purposes: R 2 SO, R 2 S0 2 , RS0 2 0H. 

Disulfones as Drugs. Two sulfur compounds which are prepared because 
of their use as soporifics are sulfonal and trional. Both of these are colorless 
solids, slightly soluble in water. They are prepared by first forming the sulfur 
analog of an acetal from a ketone and a mercaptan, and then oxidizing the 
product to the corresponding sulfone. The method is illustrated by the steps 
in the synthesis of sulfonal which are as follows: 


CH 3 sc 2 h 5 ch 3 so 2 c 2 h 5 
\ / 4[0] \ / 

(CH 3 ) 2 CO + 2C 2 H 5 SH — ^ C — > C 

CH,/ \c,H 5 Ch/' \o 2 C 2 H 6 

sulfonal 

ch 3 so 2 c 2 h 5 

Trional, C , is made in exactly the same way except that 

c 2 h^ so 2 c 2 h 5 

ethyl methyl ketone is used instead of acetone. 


Derivatives of the Sulfur Analogs of 
Carbonic Acid 

In the last chapter a variety of compounds were discussed which 
were derived from the ortho form of carbonic acid by the replace- 
ment of one or more hydroxyl groups by NH 2 groups (p. 257). 
If we similarly imagine that the hydroxyl group of orthocarbonic 
acid is replaced by the SH group, various types of interesting 
compounds result. 

Some of these may be regarded as derived from the ortho form 
of carbon disulfide, the sulfur analog of carbon dioxide, while 
others are related to carbon oxysulfide, COS. 
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Carbon Oxysulfide. The following series of compounds may 
be regarded as derived from a hypothetical ortho compound, 
HOC(SH) 3 , by progressive loss of hydrogen sulfide: 

OH OH O 

I -H 2 S I -H 2 S II 
HS-C-SH — >S = C — >- S = C. 

I I 

SH SH 

hypothetical dithioear- carbon oxy- 
bonic acid sulfide 


Carbon oxysulfide, COS, is a colorless gas which liquefies at 
—47.5°. It can be formed by the union of sulfur and carbon 
monoxide at a low red heat: 

CO + S — >COS. 


The Xanthates. Dithiocarbonic acid, of which carbon oxysulfide 
is the anhydride, is known only in the form of its salts or esters. 
The half esters which have an alkyl group attached to oxygen are 
known as the xanthic acids or xanthogenic acids. They have the 
S S 

✓ X" 

general formula ROC — SH; the corresponding salts, ROC — SNa, 
are known as the xanthates. They are formed by the addition of 
an alcoholate to carbon disulfide: 


s = c = s + koc 2 h 5 — >-s = c 


/ 


oc 2 h 6 


\ 


SK 


The same reaction proceeds if an alcohol, potassium hydroxide, 
and carbon disulfide are mixed. A very important xanthate is 
that formed from cellulose; this will be referred to in connection 
with the manufacture of artificial silks. 

Dithiocarbamic Acids. The following series of substances 
containing sulfur and nitrogen may be regarded as derived from 
the ortho compound NH 2 C(SH) 3 : 


NH 2 

l 

HS-C-SH 

! 

SH 

hypothetical 


nh 2 nh 

-h 2 s I -H 2 S II 
— >. S = C — > S=C or HSC=N. 
I 

SH 

dithioear- thiocyanic acid 

bamic acid 
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This series is analogous to the one which includes carbamic acid 
and cyanamide (Chap. XIV). 

Dithiocarbamic acid is unknown in the free state, but the salts 
of its alkyl derivatives are readily formed if carbon disulfide and 
alkali are allowed to act on an amine: 

8 

/ 

(CIi 3 ) 2 NH + CSa + NaOH — >- (CH 3 ) 2 NC~SNa -f H 2 0. 

The salts of the dialkyl-dithiocarbamic acids are of importance in 
the preparation of two substances which are used in large quantities 
in the rubber industry. 

Accelerators of Vulcanization of Rubber. A number of organic sulfur com- 
pounds are used in large quantities in the rubber industry to accelerate the 
process of vulcanization (p. 75). About twenty-five years ago, it was dis- 
covered that certain organic nitrogen compounds greatly decreased the time 
required for vulcanizing rubber. One of the compounds first used was thio- 
carbanilide (p. 273). It is now known that at least ten different classes of 
organic compounds will accelerate the vulcanization process. All the accelera- 
tors contain either sulfur or nitrogen or both elements. Among the sulfur-free 
accelerators may be mentioned hexamethylenetetramine (p. 129), aliphatic 
amines, derivatives of guanidine containing the phenyl group, Cells — (p. 
339), and condensation products of aldehydes and amines. 

Two sulfur compounds which are capable of bringing about rapid vulcan- 
ization at a particularly low temperature are closely related to dithiocarbamic 
acid, “ Tuads ” is the trade name of the disulfide formed by oxidizing the 
dithiocarbamic acid prepared from dimethylamine. (The interaction of carbon 
disulfide and dimethylamine was considered above.) 

S S S ■ 

/• S II 

2(CH 3 ) 2 NC - SNa + H 2 O s — > (CH 2 ) 2 NC - S - S - CN(CH 3 ) 2 . 

“Tuads” 

When the product known as “ Tuads ” is treated with potassium cyanide, an 
atom of sulfur is removed. The monosulfide which is formed is sold under 
the name of “ Thionex”: 

S S 

^ \ 

(CH 3 ) 2 NC - S - S - CN(CH 3 ) 2 + KCN 

S S 

/ H 

— > (CHs) 2 NC - S - CN(CH 3 ) 2 + KNCS. 

“Thionex” 

The introduction of accelerators into the rubber industry has decreased 
the cost of manufacture of rubber articles by decreasing the time of vulcaniza- 
tion, which in turn has decreased the investment in machinery and plant. 

A finished product of far superior and more uniform quality has also been 
produced. Very little is known about the action of accelerators. Indeed, 
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the very nature of vulcanization itself is under dispute. The process probably 
consists in a further polymerization, and at the same time a union of the sulfur 
atom with some of the unsaturated linkages of the rubber molecule. It is 
not at all clear why certain types of organic compounds should be such 
powerful catalysts for these changes. 

Thiocyanic Acid and the Thiocyanates. Thiocyanic acid, 
HSCN, is the sulfur analog of cyanic acid. It is prepared from its 
salts, which are readily formed by heating cyanides with sulfur 
(compare the preparation of cyanates, p. 254) : 

KCN + S — > KSCN. 

potassium 

thiocyanate 

Thiocyanic acid is a white crystalline solid melting at 5° to a 
yellow liquid which soon polymerizes. The acid is readily soluble 
in water. The postassium, sodium, and ammonium salts are 
soluble; a number of those with the heavy metals are insoluble. 
The ferric salt, Fe(CNS) 3 , is formed on bringing together a soluble 
ferric salt and a soluble thiocyanate. Its characteristic red color 
serves as a very sensitive test for ferric ions. The insoluble mer- 
curic salt, Hg(SCN) 2 , burns when ignited forming a very long 
voluminous ash. This striking phenomenon has been called the 
formation of “ Pharaoh’s serpents.” 

Unlike cyanic acid, the alkyl derivatives of both the tautomeric 
forms of thiocyanic acid have been prepared. They are the 
so-called normal esters, R - S - C = N, and the isoesters, S = C 
= NR. Thiocyanic acid itself is a strong acid in dilute aqueous 
solution and probably has the structure HSC = N, although it 
may be a mixture of the two tautomeric forms. The normal iters 
are prepared by the action of an alkyl halide on potassium thio- 
cyanate : 

KSCN + CH 3 I — 5- CH s SC = N + KI. 

On heating to a high temperature the normal esters rearrange with 
the formation of the isoesters. 

^Alkyi Isothiocyanates or Mustard Oils. The isothiocyanates, 
RNCS, can be readily prepared by the rearrangement of the normal 
thiocyanates or by the action of sulfur on the isonitriles. They 
derive the name of mustard oils because of the fact that the allvl 
compound, CH 2 = CHCH 2 NCS, is the active principle in mus- 
tard. All the alkyl isothiocyanates have a sharp odor and bitin^ 
taste. 
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Thiourea or Thiocarbamide. The sulfur analog of urea can be 
formed by melting the ammonium salt of thiocyanic acid; the 
reaction is parallel to Wohler's classical synthesis of urea: 

NEUSCN — >• (NH 2 ) 2 C = S. 

Thiourea is a crystalline compound melting at 180° and soluble in 
water. 

Thiocarbanilide. Diphenyithiourea or thiocarbanilide, S — CCNHCefUK 
is one of the commonest organic sulfur compounds. It is prepared from 
aniline, C 6 H 6 NH 2 ; this is a primary amine which contains the phenyl group 
(CeHs) instead of an alkyl group. By heating carbon disulfide and aniline 
above 100°, the following reaction takes place : 

2C 6 H 6 NH 2 + CS 2 — >- (C 6 H 5 NH)oCS + H 2 S. 

Thiocarbanilide is a crystalline solid melting at 154°. Its use as an accelerator 
of rubber vulcanization has been noted previously. The sulfur atom in 
diphenyithiourea may be replaced by the =NH group by heating the com- 
pound with lead oxide and ammonia. The product is a guanidine derivative 
containing two CeHs-groups, and hence is known as diphenylguanidine, 
HN = C(NHCgH 5 ) 2 . It has also been used in very large quantities as an 
accelerator in rubber vulcanization. 

Organic Derivatives of the Hydrides of Other Elements 

We have noted that there are classes of organic compounds 
corresponding to the hydrides of nitrogen (NH 3 ), sulfur (H 2 S), 
and oxygen (H 2 0). Similarly, alkyl derivatives of the hydrides 
of many other elements are known. If w T e follow down the sixth 
group of the periodic table, we find organic compounds of selenium 
and tellurium quite comparable to the sulfur and oxygen com- 
pounds. In the fifth group of the table under nitrogen are phos- 
phorus, arsenic, and antimony, and we might readily predict the 
existence of a variety of compounds analogous to the nitrogen 
compounds, but containing one of these elements in place of the 
nitrogen atom. Many such substances are indeed known. In 
general the differences among the organic compounds of these 
other elements and their more common prototypes (containing 
nitrogen or oxygen) reflect the differences among the elements 
themselves. With the exception of the zinc alkyls (p. 28) and 
the organo-magnesium compounds (Grignard reagents), the 
organic chemistry of the elements other than oxygen, nitrogen, 
sulfur, and the halogens, is not of sufficient importance to warrant 
consideration in an elementary book. 
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QUESTIONS AND PROBLEMS 

L Write balanced equations showing the preparation of the following com- 
pounds: isopropyl mercaptan, di-rc-propyl sulfone, thiourea, trimethylsul- 
fonium hydroxide, trional, “ mustard gas,” isopropyl ethyl sulfide. 

2 . List the common classes of organic sulfur compounds and oxygen com- 
pounds which are analogous to each other. Using general equations, illustrate 
a typical method of preparation of each class. 

3. Complete the following equations : (ad CS 2 4* KOC 2 H 5 ; (b) CH 3 NC -f S; 
(c) CH 3 COCH 3 + C 2 H 5 SH; (d) CHsSCoHs + [0]. 

4. What compounds are of use as accelerators in the vulcanization of 
rubber? Outline a method of preparing two such compounds. What eco- 
nomic advantages do you think would result from the use of accelerators in the 
rubber industry? 

5. Write electronic formulas for the following classes of compounds: mer- 
captans, sulfones, sulfonic acids, sulfonamide (RSO 2 NH 2 ), trialkyl sulfonium 
salts. 

6 . Compare and contrast the basic and acidic properties of the alkyl 
derivatives of hydrogen sulfide, water and ammonia. 

7. Prepare a table showing the similarity between the relation of thiocyanic 
acid to carbon disulfide, cyanamide to cyanic acid and carbon dioxide. 

8 . Outline methods of preparing the following: (a) butane sulfonic acid 
(2 methods); (b) dimethyl disulfide; (c) methyl isocyanate; (d) dimethyl 
sulfone; (e) sodium ethyl xanthate. 

9. What would you predict would be the result of allowing CHsMgl and 
carbon disulfide to interact? What properties would you predict for the 
product thus formed? 

10 . jS-Disulfones, RS0 2 CH 2 S0 2 R, like /3-diketones, RCOCH 2 COR, form 
sodium salts when treated with sodium methylate. Formulate the structures 
of the ion of the sodium salt. On the basis of electronic structure, can an enol 
form of /?-disulfones be written? Explain. 

11. Differentiate between (a) (C 2 H 50 ) 2 S 02 and C 2 H 5 S 0 2 0 C 2 H 5 ; (b) 

C 4 H 9 SH and (C 2 H 5 ) 2 S. 


CHAPTER XVI 


UN SATURATED ALCOHOLS, ACIDS, AND 
CARBONYL COMPOUNDS 

The acids, alcohols, aldehydes, and ketones which have been 
considered in the previous chapters may be regarded as derivatives 
of the paraffin hydrocarbons. We shall now consider similar com- 
pounds which are derived from the unsaturated hydrocarbons. 
If the functional group (for example, the carboxyl group) is sepa- 
rated from the unsaturated linkage by two or more carbon atoms 
the two reactive portions of the molecule have little influence on 
each other. In such cases, the reactions of the compound are 
those characteristic of both the functional group, and an un- 
saturated hydrocarbon. If, however, the double linkage is within 
one or two carbon atoms of the functional group a number of 
peculiar properties often manifest themselves and give rise to spe- 
cial reactions. Examples of this will be noted particularly in the 
case of the unsaturated acids and carbonyl compounds. 

Unsatukated Alcohols 

Vinyl Alcohol. The simplest imaginable unsaturated alcohol 
would be that formed by the replacement of one hydrogen atom of 
ethylene by a hydroxyl group. Such a compound is unknown, 
but we give to it the name vinyl alcohol. The reason for the non- 
existence of vinyl alcohol is evident from the discussion in Chap. 
XIII of the subject of tautomerism. Vinyl alcohol is the enol 
form of acetaldehyde; in all the reactions in which we would ex- 
pect to obtain it, we find instead acetaldehyde itself : 

tautomeric 

CH 2 = CHGIi — > CH3CHO. 

vinyl alcohol shift 
(unknown) 

We have already considered the problem of the existence of other 
enolic compounds which contain the grouping C = COH (p. 232). 

Vinyl Halides and Esters. Although vinyl alcohol can not be 
prepared, the corresponding halides and esters are stable sub- 
stances. Vinyl bromide is formed by the action of strong po- 
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tassium hydroxide on ethylene dibromide or by the action of hy- 
drogen bromide on acetylene: 

CH 2 BrCH 2 Br + KOH — > CH 2 - CHBr + KBr + H 2 0, 

CH = CH + HBr — > CH 2 = CHBr. 

Vinyl chloride can be prepared by similar reactions. Vinyl bromide 
is a sweet-smelling liquid which boils at 16°. It readily poly- 
merizes under the action of light or certain catalysts, and forms 
an amorphous mass which is insoluble in all common solvents. 
In general, compounds containing the vinyl group, CH 2 — CH, 
are very prone to undergo polymerization and form compounds 
of high molecular weight. In this respect the vinyl compounds 
resemble the dienes (p. 76). The structure of the polymeric 
vinyl compound has not been established with certainty, but 
probably a long carbon chain is formed by the union of a number 
of molecules. 

The halogen atom in the vinyl halides is extremely unreactive. 
In fact, all compounds containing a halogen atom attached to an 
unsaturated carbon atom (C = CBr) differ greatly from the alkyl 
halides. For example, no reaction occurs when such substances 
are boiled with water or treated with cold alcoholic potassium 
hydroxide, sodium methylate, or potassium cyanide; all these 
reagents, it will be recalled, readily enter into metathetical reac- 
tions with the alkyl halides. It is usually possible to eliminate 
another molecule of hydrogen halide from the vinyl halides and 
similar compounds by the action of very strong alkali at a high 
temperature. In this way an acetylene linkage is formed: 

high temperature 

CH 2 - CHBr + KOH — CH e CH + KBr + H 2 0. 

The double linkage in vinyl bromide is very similar to the un- 
saturated linkage in ethylene itself. Thus, the vinyl compounds 
are readily oxidized and combine with bromine and hydrobromic 
acid. In the latter case the reaction takes place in such a way 
that the bromine goes to the carbon already containing the halogen 
atom, and ethylidene dibromide is the product: 

CH 2 = CHBr + HBr — > CH 3 CHBr 2 . 

Vinyl acetate, CH 2 = CHOCOCH3, has been prepared indus- 
trially from acetylene. Its polymers and those prepared from 
vinyl chloride are used in connection with the preparation of 
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artificial resins, varnishes, and lacquers. Polymeric vinyl acetate 
is known in the trade as u vinylite.” 

Some Representative Unsaturated Alcohols 


Name 

Formula 

Boiling 

Point 

Den- 
sity 
AT 20° 

Allyl alcohol 

ch 2 =chch 2 oh 

97° 

.854 

Methyl- vinyl-carbinol 

ch 2 ==chchohch 3 

98-97° 

— 

Allylearbinol 

CHa-CHCHsCHaOH 

112-114° 

.848 

Vinyl-ethyl-carbinol 

CHa*CHCHOHC s Ha 

114-115° 

.840 

Methyl-allyl-carbinol 

CH 2 -CHCHaCHOHCHa 

115° 

.834 

/3-Allyi-ethyl alcohol 

CHa -CHCHaCHaCHaOH 

139° 

.863 


Allyl Alcohol. The simplest compound in which the hydroxyl 
group is not directly attached to the double linkage, but on the 
next carbon atom, is allyl alcohol, CH 2 = CHCH 2 OH. It is 
evident that this compound is not an enol, and therefore does not 
tautomerize to a ketone or aldehyde. Allyl alcohol is best pre- 
pared by heating glycerol with oxalic acid or formic acid. With 
the latter, glycerol formate is first formed, which then decomposes 
on further heating to yield allyl alcohol: 

CH 2 

heated Jj 

— ^ CH + C0 2 + H 2 0, 

I 

ch 2 oh ch 2 oh CH 2 OH 

The structure of allyl alcohol is established by the fact that on 
reduction it combines with two hydrogen atoms, yielding normal 
propyl alcohol: 

CH 2 = CH - CH 2 OH + 2[H] — > CH 3 CH 2 CH 2 OH. 

This fact proves that the, compound has either the structure given 
above or CH 3 CH = CHOH. The latter possibility is excluded 
since allyl alcohol can be shown to be a primary alcohol. Thus, 
it is oxidized to an aldehyde which, in turn, is oxidized to an acid 
(the yields in these reactions are poor, however) : 

CH 2 - CHCH 2 OH + [0] — >• CH 2 = CHCHO + H 2 0, 

acrolein 

CH 2 = CHCH 2 OH 2[0] — > CH 2 = CHCOOH. 

acrylic acid 


CHjOH 

CH 2 iOCHO 

j 

CHOH + HCOOH — 

1 : 

->CH :OH 
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Ally! alcohol forms esters with acids in the usual manner. The 
ethylenic double linkage also has the usual capacity to combine 
with a number of other atoms or groups. The addition of 
hydrogen has been mentioned; it readily combines with bro- 
mine: 

CH 2 - CHCH2OH + Br 2 — > CH 2 BrCHBrCH 2 OH. 

Ally! alcohol is a liquid of irritating odor which is miscible with 
water in all proportions. It boils at 97°. 

Ally! Halides. Allyl bromide, allyl iodide, and allyl chloride 
can be prepared from allyl alcohol by the use of the phosphorus 
halides or by the action of the halogen acids. The allyl halides 
are extremely reactive and enter into all the double decomposition 
reactions characteristic of the alkyl halides. Indeed, such reac- 
tions are much more rapid than in the case of the alkyl halides. 
For example, in the alkylation of sodium acetoacetic ester, allyl 
iodide is four times as rapid in its action as methyl iodide and 400 
times as fast as isopropyl iodide. In the double decomposition 
reaction with potassium iodide, which yields the corresponding 
iodo compounds, allyl chloride is 80 times as reactive as normal 
butyl chloride. It is very interesting that a double linkage im- 
mediately adjacent to the carbon atom which holds the halogen has 
increased the speed of the metathetical reactions. In the case 
of the vinyl compounds where the halogen is directly attached to 
the unsaturated carbon atom metathetical reactions are so slow 
as to be inappreciable. These facts illustrate the great influence 
which a carbon-carbon double bond has on a nearby functional 
group or reactive atom. In those unsaturated halides in which 
the double bond is two or more carbons removed from the halogen 
atom, there is very little, if any, increase or decrease in the speed 
of the metathetical reactions : 

C - CX, C = C - C - X, c = c- c- c-x. 

unreactive more reactive approx, same rate of 

than CnEfcn+iX reaction as CnHan+iX 

Allyl Derivatives in Nature. A number of derivatives of allyl 
alcohol are found in nature. Allyl sulfide, (C 3 H 5 ) 2 S (p. 266), is 
the chief constituent of oil of garlic, and allyl isothiocyanate, 
C 3 H 5 NCS (p. 272) (mustard oil), occurs in the mustard seed in 
combination with glucose (i.e., as a glucoside). 
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Nomenclature of Unsaturated Alcohols. The unsaturated alcohols are 
readily named by the Geneva system. The numbering is chosen so that the 
carbon atom bearing the hydroxyl group has the smallest number; as usual, 
the longest possible chain of carbon atoms is the basis of the name. The 
following examples will make the method evident : 

CHa = CH - CHaOH, propen-2-oI-l; 

3 2 1 

(CHa)aC - CHCHaCHaOH, 4-methylpenten-3-ol-l; 

CH S = CHCH 2 CHOHCH 3 , penten-4-ol-2. 

Unsaturated Acids 

The acids which are derived from the unsaturated hydrocarbons 
are usually classified according to whether an ethylenic or acetyl- 
enic group is present and with regard to the relative position of 
the carboxyl group. For example, acids which are related to the 
olefin hydrocarbons and have the general formula C n H 2 n-iCOOH, 
may be either a, /3-unsaturated acids, in which the double bond is 
adjacent to the carboxyl group, RCH = CHCQOH; /3, y-un- 
saturated acids, RCH = CHCH 2 COOH; y, <$-unsaturated acids, 
etc. Where the double bond is two or more atoms removed from 
the carboxyl group, generally it seems to be without influence on 
the latter, and the reactions of the molecule can be readily pre- 
dicted. Such acids are the unsaturated acids which have been con- 
sidered in a previous chapter in connection with the fats (p. 183). 
We shall now consider a few a, 0-unsaturated acids which are 
prepared by special methods and which have some characteristic 
properties. 

Acrylic Acid. The acid obtained by oxidizing allyl alcohol is 
acrylic acid. It is the simplest a, 0-unsaturated acid: 

CH 2 = CHCH 2 OH + 2Ag 2 0 — > CH 2 « CIICOOH -f H 2 0 + 4Ag. 

Since the double linkage in allyl alcohol is attacked by a number 
of oxidizing agents, rather special reagents as silver oxide must be 
employed. A cheaper and more convenient method of preparing 
acrylic acid is first to form the dibromide, CH 2 BrCHBrCH 2 OH, 
next oxidize this to the corresponding acid (a reaction which can 
be carried out with a number of powerful agents, since there 
is no double bond to interfere), and finally, to remove the 
two bromine atoms by the action of zinc. This last reaction 
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is exactly analogous to one used in the preparation of ethylene: 

HNO # 

CH 2 - CHCH 2 OH + Br 2 — > CH 2 BrCHBrCH 2 OH — > 

Zn 

CH 2 BrCHBrCOOH — > CH 2 = CHCOOH. 

Acrylic acid is a liquid which boils at 141° and solidifies at 12°. 
It is a slightly stronger acid than acetic acid (the influence of the 
adjacent double linkage being manifest). It enters into all the 
reactions characteristic of the organic acids. The double linkage 
manifests itself by the fact that the acrylic acid combines with 
nascent hydrogen, bromine, and hydrobromic acid: 

CH 2 = CHCOOH + 2[H] — ^ CH 3 CH 2 COOH, 

CH 2 = CHCOOH + Br 2 — CH 2 BrCHBrCOOH, 

CH 2 = CHCOOH + HBr — >- CH 2 BrCH 2 COOH. 

The first reaction serves to establish the structure of acrylic 
acid, since the reduction product, propionic acid, is a substance 
of known structure. Not only can this reduction be accomplished 
catalytically, but it may also be done by the use of sodium amal- 
gam. This fact is of particular interest as ethylene is not affected 
by sodium amalgam. The reaction with hydrobromic acid has 
been already mentioned (p. 208). It was noted that the bromine 
attached itself to the /5-carbon atom (furthest from the carboxyl 
group), although this carbon carries more hydrogen than the 
other. This is contrary to the Markownikoff rule (p. 65) which 
in this instance would predict that the bromine would go to the 
a-carbon atom since it holds the least hydrogen. It will be re- 
called that when MarkownikofFs rule was discussed, it was em- 
phasized that it applied only to the unsaturated hydrocarbons. 
With a , (3-unsaturated acids, the halogen atom always unites with the 
beta carbon atom . A probable explanation of this mode of addi- 
tion of the hydrogen halides to the a , /5-unsaturated acids will be 
discussed in connection with the reactions of the unsaturated 
aldehydes and ketones (p. 293). 

Acrylic Esters. Acrylic esters and ^-methyl acrylic esters, 
CH 2 = C(CH s )COOR, deserve special mention since they are 
readily polymerized by light, heat, and peroxides. By carefully 
controlling this reaction, clear, colorless resins are obtained which 
are known as “ acryloids.” These resins have excellent optical 
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properties and can be molded into lenses, prisms, and sheets which 
are used to make laminated safety glass. 

Industrially, acrylic ester is prepared from ethylene chloro- 
hydrin which, as we have seen (p. 64), is readily available from 
petroleum. 

CH 2 0HCH 2 C1 -f NaCN — > CH 2 OHCH 2 CN, 

CH2OHCH2CN + ROH + H2SO4 — > CH 2 - CHCOOR + NH4HSO4. 

Acrylic esters having a methyl group, = C(CH 3 )COQR, in 
the alpha position are made from acetone cyanohydrin (acetone 
and hydrogen cyanide) by the same steps outlined above. 

The Crotonic Acids. Crotonic acid, CH 3 CH = CHCOOH, is 
another a, jff-unsaturated acid. It is very similar in its chemical 
properties to acrylic acid. It may be prepared by methods out- 
lined above for the preparation of a 7 /?-unsaturated acids and, in 
addition, by a convenient reaction from acetaldehyde. Acetal- 
dehyde and malonic acid, when heated in glacial acetic acid solu- 
tion at 100°, condense to form an unsaturated dibasic acid, which 
at this temperature loses carbon dioxide, forming crotonic acid: 

100 ° 

CH3CHO + CH 2 (COOH ) 2 — > CH 3 CH - C(COOH) 2 — > 

CH 3 CH = CHCOOH 4 C0 2 . 

Similar condensation reactions between other aldehydes and 
malonic acid offer a convenient method of preparing a, /3-un- 
saturated acids, (RCH = CHCOOH), from aldehydes. 

Other Methods of Preparing a, {3-Unsaturated Acids. Still another method 
of preparing a, /3-unsaturated acids is illustrated by the method often used 
for preparing crotonic acid. This consists in heating the ester of <*-bromo- 
butyric acid with a tertiary amine (diethylaniline, CeHsN^HsL). It is a 
difficult matter to eliminate hydrobromic acid from an a-bromo acid (as con- 
trasted to a /3-bromo acid), but the process can be carried out if the esters are 
employed : 

-HBr 

CH 3 CH 2 CHBrCOOC 2 H 5 — CH 3 CH - CHCOOC 2 H 5 . 

(heated with a 
tertiary amine) 

a, /3-Unsaturated acids cannot be prepared from a-hydroxy acids, such as 
lactic acid, because under the conditions of dehydration lactides result (p. 213). 
However, it is possible to dehydrate the corresponding nitriles and in certain 
instances the corresponding esters. On the other hand, /8-hydroxy acids, 
which can be prepared by the Reformatsky reaction (p. 210), are generally 


282 THE CHEMISTRY OF ORGANIC COMPOUNDS 


dehydrated by strong acids to a , /3-unsaturated acids. This constitutes an- 
other general method of preparing this class of substances* 

Isomeric Crotonic Acids. Crotonic acid occurs in two isomeric 
forms. The explanation of this isomerism will be considered 
shortly. Crotonic acid itself is a crystalline solid melting at 72° 
and boiling at 189°. It is fairly soluble in water. The isomer, 
isocrotonic acid, melts at 15.5° and boils at 169°. On heating the 
isocrotonic acid to 100 °, it partly rearranges into the higher melt- 
ing isomer. The rearrangement is accelerated by traces of iodine 
or acid or by exposure of a solution of isocrotonic acid to sunlight. 
In their chemical behavior these two acids are identical, and the 
same structural formula must be assigned to them. Both are 
readily reduced by the action of sodium amalgam or by catalytic 
hydrogenation to n-butyric acid. This fact establishes the car- 
bon skeleton, and only the position of the double linkage remains 
in question. Both acids combine with hydrogen iodide to give 
the same beta iodobutyric acid. Ozonization followed by de- 
composition of the ozonides transforms both acids into a mixture 
of acetaldehyde and glyoxylic acid. This is conclusive evidence 
that crotonic and isocrotonic acids both must be represented by 
the structural formula CH 3 CH = CHCOOH. 

' H 2 0 

CHaCH - CHCOOH + 0 3 — > Ozonide — > 

CHsCHO + CHOCOOH + H 2 0 2 . 

(removed by a mild 
reducing agent) 

Vinylacetic Acid. The simplest 0 , 7 -unsaturated acid is vinyl- 
acetic acid, CH 2 = CHCH 2 COOH. It can be obtained by treat- 
ing the Grignard reagent formed from allyl bromide with carbon 
dioxide. There is great difficulty in the preparation of the Gri- 
gnard reagent from the allyl halides, since they are prone to under- 
go the Wurtz reaction (p. 42) when treated with magnesium, 
forming a compound known as diallyl, CH 2 = CHCH 2 CH 2 CH — 
CH 2 . This fact again illustrates the enhanced reactivity of 
allyl halides. 

HC1 

CH 2 - CHCH 2 MgBr + C0 2 — ^ CH 2 = CHCH 2 COOMgBr — =» 

CH 2 * CHCH 2 COOH. 

Vinylacetic acid rearranges into the isomeric crotonic acid when 
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it is boiled with alkali; this reaction is reversible and proceeds to 
a definite equilibrium: 


alkali 

CH a - CHCH 2 COOH CH 3 CH - CHCOOH. 

100 ° 

It is reduced to butyric acid and combines with bromine to yield (3, 
7 -dibromobutyric acid : 

CII 2 = CIICH 2 COOH + Br 2 — ^ CH 2 BrCHBrCH 2 COOH. 

Because of the easy transformation of vinylacetic acid into 
crotonic acid, it is not prepared by hydrolysis of the corre- 
sponding nitrile. This nitrile is readily prepared by the action 
of potassium cyanide on the allyl halides, and is known as allyl 
cyanide, CH 2 — CH — CH 2 CN. On hydrolyzing this nitrile 
with alkali, crotonic acid is formed, because the vinylacetic acid 
first produced rearranges under the influence of the alkali. 

It is interesting to note that the shift of the double linkage involved in the 
change from vinylacetic acid to crotonic acid involves a shift of the hydrogen 
atom from the a carbon atom to the y carbon atom: 

l Si 

CH a = CH - CH - COOH — v CH S - CH = CH - COOH. 

7 /3 . a 

3 2 1 

This shift through a three-atom system is similar to the shift of a hydrogen 
atom involved in the change from an enol to a ketone: 



In the case of the thr ee-carbon system (no oxygen atom is involved), such a 
shift occurs only slowly even under the influence of such reagents as boiling 
sodium hydroxide; on the other hand, the speed of enolization and ketonization 
is very great even in the presence of but a trace of catalyst. The three-atom 
system containing an oxygen atom is more mobile than the carbon system. 
In both systems, however, we are dealing with a truly reversible reaction. 
Although in the case of crotonic acid, the a, /5 form is present at equilibrium 
to the extent of 98 per cent, with certain alkyl derivations the 0 , 7 form pre- 
dominates in the equilibrium mixture. 

An unsaturated three-atom system is present in cyanic acid (p. 253), but 
it contains a nitrogen atom also. One is tempted to postulate that in this 
case the mobility is so great that no catalyst is needed and the tautomers 
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(isomers) can not be isolated; this explanation accords well with the behavior 
of cyanic acid : 

HOC s N. 

3 2 i 

rapid. 

Nomenclature of Unsaturated Acids. Unsaturated acids can 
be named by a variety of procedures. The position of the double 
bond may be indicated by Greek letters, and the symbol A. Thus, 
crotonic acid, CH 3 CH = CHCOOH, is butenoic acid A a ’^, while 
vinylacetic acid, CH2 = CHCH2COQH, is butenoic acid A /3,T . 
The unsaturated hydrocarbon, in this case butene, is the basis 
for the name which should correspond to the longest carbon chain. 
According to the Geneva system, the position of the double 
bond is indicated by a number placed in the name immediately 
after the “en”; the numbering always starts with the carbon 
atom of the carboxyl group. Thus, CH S CH = CHCOOH is 
called buten-2-oic acid and CH 2 = CHCH 2 COOH is buten-3~oic 

4 3 2 1 

acid. As an application of the Geneva system to complicated 
unsaturated acids, the following examples may be cited: 

CH3CH = CCH 2 CH 2 COOH, 4-methylhexen-4-oic acid; (CHa)r- 

I 

ch 3 

C = CH - CH = CH - COOH, 5-methylhexadien-2, 4-oic acid. 

Fumaric and Maleic Acids. These two isomeric unsaturated 
dibasic acids are of the greatest interest and importance. They 
are both represented by the same structural formula HOOCCH = 
CHCOOH. Fumaric acid occurs widely distributed in nature 
and is found in small quantities in many plants. It may be pre- 
pared by the action of alkali on bromosuccinic acid (which is ob- 
tained by brominating succinic acid): 

CHBrCOOH CHCOOH 

I KOH I! -fKBr + HaO. 

CH 2 COOH — > CHCOOH 

It is also formed by heating malic add (a-hydroxy succinic acid) 

(p. 216). 

CHOHCOOH 145° CHCOOH 

I — > II 

CH 2 COOH CHCOOH. 

malic acid mixture of fumaric and maleic acids 



9 = c = n[h|±=^ 

3-2.1 very 
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Maleic anhydride and fumaric acid are prepared industrially by 
the catalytic oxidation of benzene , CoH 6 (p. 388), by air at 400°- 
500°. The properties of fumaric and maleic acids are given below 
in the following table: 


Physical Properties of Maleic and Fumaric Acids 



Melt- 

Solubility in 

K. 

Heat of 


ing 

100 cc. Ha O 

iV A 

Combustion 


Point 

AT 18° 

(18®) 

(kg. cal.) 

Maleic acid 

130° 

very soluble 

13 X 10~ 3 

326.9 

Fumaric acid 

287° 

.445 

1.1 X 10-3 

320.1 


The two acids differ strikingly in their physical properties and 
in their tendency to lose water. Maleic acid readily forms an 
anhydride when heated by itself or in the presence of a dehydrat- 
ing agent. Fumaric acid does not form an anhydride, but when 
it is heated to a very high temperature maleic anhydride is formed. 
Maleic anhydride on treating with water slowly yields maleic 
acid: 

CHCOv CHCOOH 

II >0 + H 2 0 — >\\ 

CHCO/ CHCOOH 

maleic anhydride 

Maleic acid is readily converted into fumaric acid by the catalytic 
action of warm acids, halogens, or sunlight. This change is ac- 
companied by the evolution of heat (i.e., is exothermic), as is evi- 
dent from the differences in the heats of combustion of the two 
acids. Maleic acid is richer in energy than fumaric by about 6 
kg. cal. The following diagram illustrates the relationship of 
the two isomers: 

catalysts 

maleic acid >- fumaric acid. 

-H 2 0j|+H 2 0 ^/sqqo 

maleic anhydride 

The structures of maleic and fumaric acids are readily estab- 
lished by the fact that on reduction both yield succinic acid: 


CHCOOH 

II 

CHCOOH 


CHsCOOH 

I 

CHsCOOH. 
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Both maleic and fumaric acids combine with hydrobromic acid to 
give the same bromosuecinic acid, and both can be converted 
into malic acid by heating with water and a catalyst. They are 
oxidized by permanganate and combine with bromine, though 
the latter reaction is much slower than with most derivatives of 
ethylene. 

Reaction of Maleic Anhydride with Dienes. Maleic anhydride 
readily combines with 1, 3 dienes (p. 73) to give a ring compound. 
The reaction with butadiene, for example, is as follows: 


/ CH2 \ 

CH 


CH 


CHCO 


+ 


\ 


0 ■ 


,CHCO 


/ 




CH 


ch 2 




CH 2 


CHCO 


\ 


0 


CHCO 


/ 


This reaction is general for the system C = C — C = C and is 
often used to determine whether a new compound has a conju- 
gated system of double bonds. It is a striking demonstration of 
the capacity of a conjugated system to combine in the 1, 4 posi- 
tion (p. 73). Certain other substances which contain an ethylene 
bond adjacent to a carbonyl group also can add to 1, 3 diene sys- 
tems. Reactions of this type are known as diene syntheses. 


Geometrical Isomerism 

We have seen that there are two crotonic acids, both of which 
have the same structural formula, and that maleic and fumaric 
acids are another pair of isomers whose existence can not be ex- 
plained in terms of the simple structural theory. In these in- 
stances we are not dealing with optical isomers since none of these 
compounds are optically active, and there are no asymmetrical 
carbon atoms in the molecule. With the aid of the tetrahedral 
model of a carbon atom, however, a very satisfactory explanation 
of the isomerism of these unsaturated compounds can be formu- 
lated. A double linkage must be represented with the models by 
the union of two tetrahedra along one edge. This is shown in 
the accompanying diagrams. It is clear from an inspection of 
these diagrams (or better by handling the models themselves) that 
it is not possible for the two carbon atoms which are joined by a 
double bond to rotate freely about each other. The double bond 
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is a rigid union of the two atoms. If now the two carbon atoms 
involved in the double bond carry two different groups, two ar- 
rangements are possible depending on whether certain groups are 
over each other or away from each other. These two spatial ar- 



Fig. 24. Diagrams of models of maleic and fumaric acids. 


rangements correspond to the two isomers. Thus, maleic acid 
and fumaric acid are represented by the models shown in Fig. 24. 
They are represented in a plane as follows; 

HC - COOH HC ~ COOH 

II II 

HOOC - CH HC - COOH. 

fumaric acid (trans) maleic acid (cis) 

The names “ cis ” and “ trans ” are applied to the isomers to 
denote whether the similar groups are over each other or in the 
opposite configuration. Such isomers are called geometrical 
isomers. Clearly geometrical isomerism is a branch of stereo- 
isomerism. 

The fact that maleic acid readily forms an anhydride is taken 
as evidence that it corresponds to the cis form. The construction 
of models shows that two carboxyl groups adjacent to each other 
in space could readily lose water to form a cyclic anhydride. On 
the other hand, the two carboxyl groups which are in the trans 
position could not. In the case of the isomeric crotonic acids it 
has not been possible, as yet, to determine definitely which isomer 
is cis and which trans. There is in this case no simple reaction 
such as anhydride formation to serve as an indicator of the con- 
figuration: 

CH 3 CH CHsCH 

II II 

HOOCCH HCCOOH 

The isomeric crotonic acids 
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In general, it is evident that geometrical isomers may be 
expected only if both unsaturated carbon atoms carry two 
different atoms or groups. Thus, compounds of the general type 
a d 

\ / 

C = C will not have geometrical isomers since the two 

/ \ 

b d 

groups on one carbon atom are the same, and two different 
spatial arrangements are not possible. 

This isomerism of unsaturated compounds, as we have seen, is due to a 
restricted rotation of two carbon atoms joined by a double bond. On the 
other hand, two carbon atoms are free to rotate around a single bond. If this 
were not so,, isomers would be found with such saturated compounds as suc- 
cinic acid. It is a remarkable fact that the simple assumption, that there is 
free rotation where the models show it to be possible and restricted rotation 
where they show it to be impossible, corresponds to the actual experimental 
facts. Modern physics has thrown some light on the nature of the electrical 
forces involved in the carbon-carbon bond, and has completely verified the 
picture of the fundamental difference between a single and a multiple linkage. 
By studying X-ray diffraction of crystals and electron diffraction of gases, it 
has been found that the distances between atomic centers is for C — C, 1,54 A; 
for C = C, 1.34 A; for C^C, 1.20A. The shortening of the distance between 
the atoms corresponds to a greater binding force and along with this comes 
also restricted rotation, as the existence of geometrical isomers demonstrates. 
On the other hand, the conversion of one geometrical isomer into the other 
maleic to fumaric) shows that the restriction on the rotation may be over- 
come. This isomerization may be imagined as being the opening of one linkage 
of the two bonds followed by rotation of the atoms around the remaining bond. 

Anhydride of Dimethyl Maleic Acid. Dimethyl maleic acid, HOOCC- 
(CHa) = C(CH 3 )COOH, is a very interesting compound because of the fact 
that it so readily forms the anhydride that the free add is unknown. The esters 
and salts of the acid may be prepared, but when one attempts to separate the 
free acid by acidifying an aqueous solution of the disodium salt, the anhydride 
spontaneously forms even in an aqueous solution. This anhydride dissolves 
in sodium hydroxide with the formation of the disodium salt: 

CH 3 C - CO 

\ NaOH CH 3 CCOONa 

O ^ I! 

ch 3 c - CO HCI CHsCC00Na - 

Dimethyl fumaric acid, like fumaric acid itself, does not form an anhydride. 

Acetylenic Compounds. If a model is made of the acetylenic 
linkage it is clear that no isomers would be predicted. This is 
illustrated in Fig. 25. Such a prediction is in entire accord with 
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the experimental facts* Propiolic acid, CH ss CCOOH, which 
can be prepared from sodium acetylene and carbon dioxide, exists 
in only one form: 

C0 2 

CH s CH + Na — >- CH s CNa — >- 

HC1 

CH = CCOONa — > CH - CCOOH. 

The same is true of other acetylene com- 
pounds. 

Unsaturated Aldehydes and Ketones 

Acrolein. The simplest unsaturated alde- 
hyde is acrolein or acrylic aldehyde, CH 2 = 

CHCHO. It is a colorless liquid (b.p. 57°) 
with an extremely powerful and irritating 
odor. It may be formed by the careful oxida- 
tion of allyl alcohol, but is usually prepared by the dehydration 
of glycerol. This can be done by heating glycerol with potas- 
sium acid sulfate; the unsaturated aldehyde being volatile, is 
collected as a distillate: 

KHSCh 

CH 2 OHCHOHCH 2 OH — >• CH 2 = CHCHO + 2H 2 0. 

200 ° 

Acrolein is formed in small amounts when glycerides (fats) are 
heated to a high temperature. The irritating vapors of acrolein 
are sometimes noticed when fats are heated or burned. 

Acrolein gives the reactions of both aldehydes and olefins. As 
an aldehyde it can be oxidized to the corresponding acid (it re- 
duces ammoniacal silver nitrate); it reacts with the Grignard 
reagent to give the corresponding unsaturated alcohol. The pres- 
ence of the ethylene linkage is demonstrated by the fact that the 
compound adds bromine to form a dibromide and further by the 
hydrogenation (in the presence of platinum catalyst) to propion- 
aldehyde: 

Ag 2 0 

CH 2 = CHCHO — ^ CH 2 = CHCOOH 
H 2 h 2 

CH 2 - CHCHO — > CH 3 CH 2 CHO — > CH 3 CH 2 CH 2 OH 

catalyst catalyst 

If the hydrogenation is stopped after one mole of hydrogen is ab- 


H 



Fig. 25. Diagram 
of model of propiolic 
acid. 
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sorbed, the product is predominantly propionaldehyde. On 
further reduction, propyl alcohol is obtained. 

The structure of acrolein follows from these various reactions 
which serve to demonstrate (1) the presence of an aldehyde group; 
(2) a three-carbon chain; and (3) the presence of a double linkage. 


Name 

Formula 

Boiling 

Point 

Den- 
sity 
at 20° 

Solubility 
Grams per 
100 Grams 
of Water 

Acrolein 

CH 2 = CHCHO 

52.5° 

.841 

about 40 

Crotonaldehyde 

CH 3 CH = CHCHO 

104.5° | 

.847 


a, 0-Dimethylacrolein 

| CH 3 CH : CCHO 

115-119° 

.87 

2 


| 

CH 3 




a-Methyl-/3-ethy!acrolein 

C 2 H 5 CH=CCHO 

1 

137° 

.857 

very small 


ch 3 

I 




Polymerization of Acrolein. Like many other substances con- 
taining the vmyl group (CII 2 = CH -), acrolein readily poly- 
merizes formmg substances of high molecular weight. This poly- 
merization takes place so readily in the case of acrolein that it is 
very difficult to store the material unless certain substances are 
added as stabilizers. The polymerization of acrolein and other 
unsaturated substances is usually catalyzed by the presence of 
small amounts of peroxide, which are slowly formed by the action 
ot the oxygen of the air. Substances which will react with the 
peroxides and destroy them prevent the polymerization. Such 
substances are the antioxidants, which we have mentioned in con- 
nection with the stabilizing of gasoline (p. 55). 

CHClT- ' mmn • C 7° tonaldehyde OT crotonic aldehyde, 

« CH 7 ™ , 1S the next hi S her homolog in the series of 
h f l “f atur 7 ted ald f y de s- It is readily prepared from acetalde- 
hyde through the aldol condensation (p. 117). When aldol is 
heated with dilute acids or certain other catalysts it readily loses a 
molecule of water, forming crotonaldehyde. 

dil. alkali aeid 

2CH,CHO CH 3 CHOHCH 2 CHO — > CH 8 CH = CHCHO. 
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Crotonaldehyde is a liquid which boils at 105°. Its reactions are 
very similar to those of acrolein, except that it can not be poly- 
merized. 

Alpha, Beta-Unsaturated Ketones. A great number of a, 

0-unsatu rated ketones are known since they may be readily pre- 
pared by the condensation of ketones and aldehydes. One of the 
simplest is mesityl oxide. It is formed by heating diacetone al- 
cohol (p. 118) with a trace of acid or iodine. These reagents 
cause an almost quantitative dehydration of the hydroxy ketone 
with the formation of an unsaturated ketone : 

Ba(OH ) 2 acids 

2 CH 3 COCH 3 5=^ (CH 3 ) 2 COHCH 2 COCHs — ^ (CH 3 ) 3 C = CHCOCH 3 . 

diacetone alcohol 100° mesityl oxide 

It is also possible to obtain mesityl oxide directly from acetone 
by the action of acids; the yields are very poor, however. Un- 
doubtedly in this reaction diacetone alcohol is first formed which 
then undergoes dehydration. When this method of preparing 
mesityl oxide is used, another unsaturated ketone, phorone, 
(CH 3 ) 2 C = CHCOCH = C(CH 3 ) 2 , is also formed. Mesityl oxide 
is a colorless liquid with a peppermint odor. Phorone is a solid 
which melts at 28°. The boiling points of these and certain other 
unsaturated ketones are given in the table. Both these com- 
pounds on boiling with dilute alkali undergo cleavage with the 
regeneration of acetone. This is the reversal of the method by 
which they are formed. Undoubtedly the first step is the addi- 
tion of water to the unsaturated linkage (or linkages) and the for- 
mation of the hydroxyl compound which then undergoes the 
reversal of the aldol condensation forming acetone. 


Physical Properties of Some Unsaturated Ketones 


■Name 

Formula 

BoiLrNG 

Point 

Den- 

sity 

AT 20° 

Methyl vinyl ketone 

ch 2 =chcoch s 

80° 

.864 

Ethyl vinyl ketone 

CH 2 = CHCOC 2 H s 

38° 

(68 mm.) 


Ethylidene acetone 

CH 3 COCH = CHCHa 

125-128° 

1 .862 

Allylacetone 

ch 2 = CHCH 2 CH,COCH 3 

129° 


Mesityl oxide 

(CH,) 2 C=CHCOCH, 

130° 

.865 

Phorone 

(CH,) 2 C =CHCOCH = C(CH,) a 

200 ° 

.885 
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Characteristic Reactions of a, (3-Unsaturated Carbonyl Com- 
pounds. The a, /3-unsaturated aldehydes and ketones, since they 
contain a double bond immediately adjacent to the carbonyl 
group, have a number of special reactions. These could not be 
predicted from a knowledge of the characteristics of the carbon- 
carbon double bond and the carbon-oxygen double linkage. As 
the first example of the peculiar reactions, we may mention the 
fact that all a, /3-unsaturated ketones and aldehydes combine 
with halogen acids in such a way that the halogen atom attaches 
itself to the beta carbon atom. For example, acrolein combines 
with hydrogen bromide as follows: 

CH 2 - CHCHO + HBr — ^ CH 2 BrCH 2 CHO. 

(A similar situation was encountered with the a, /3-unsaturated 
acids and is also true of their esters.) 

A much more striking peculiarity of a , /3-unsaturated aldehydes 
and ketones is the fact that the carbon double linkage appears to 
combine with reagents which would be expected to attack only 
the carbonyl group. For example, when acrolein is treated with 
sodium bisulfite two moles of the reagent add to the substance, 
one going normally to the carbonyl group and the other combining 
with the ethylene linkage: 


CH 2 « CHCHO + 2NaHS0 3 


- CH 2 CH 2 CHOH 
i I 

S0 3 Na S0 3 Na. 


Hydrocyanic acid and hydroxylamine also often combine with the 
ethylenic linkage of a, /3-unsaturated ketones and aldehydes. 
The reaction between mesityl oxide and hydroxylamine may be 
used as an illustration. When these two substances are allowed 
to interact at room temperature two different products are formed; 
one of these is the normal oxime and the other is the compound 
formed by addition of the hydroxylamine to the ethylenic linkage: 

r(CH 3 ) 2 CCH 2 COCH 3 


(CH 3 ) 2 C = CHCOCH 3 4- NH 2 OH 


z ' 1 

\ 


HNOH 


(CH 3 ) 2 C - CHCCHs 
l! 

NOH. 

The reaction between the Grignard reagent and a, /3-unsatu~ 
rated carbonyl compounds also may take an abnormal course. 
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For example, the action of ethyl magnesium bromide on ethylidene 
acetone gives the two following products: 


/ 

CH 3 CH - CHCOCH3 + C 2 H s MgBr 


CH 3 CHCH 2 COCH 3 

I 

c 2 h 5 


\ 


CH S CH 


C 2 H 6 

I 

CHC(OH)CH3. 


In one of these eases the Grignard reagent has apparently added 
to the carbon-carbon double linkage. It should be noted that 
such reagents as hydrocyanic acid, hydroxylamine, sodium bi- 
sulfite, and the Grignard reagent do not add to ethylenic hydro- 
carbons, nor do they add to the carbon double linkage in unsatu- 
rated aldehydes or ketones unless this linkage is in the a , ft position . 

Conjugated Systems of Double Bonds. Two explanations 
have been offered for the peculiar reactions of a, 0-unsaturated 
carbonyl compounds. On the one hand, it may be said that the 
carbon-carbon double bond has been made more active by the 
presence of the adjacent carbonyl group and will therefore com- 
bine with a number of reagents for which it otherwise has no af- 
finity. The two carbon atoms of the double bond are under dif- 
ferent influences and the reagent always adds in such a manner 
that the hydrogen atom attaches itself to the carbon immediately 
adjacent to the carbonyl group. 

An entirely different explanation was offered by Johannes 
Thiele 1 in 1899, and is supported by a number of experimental 
facts. He supposed that the actual addition took place in such a 
way that the hydrogen atom of the reagent combined with the 
oxygen, and the rest of the reagent combined with the carbon 
atom. The first product then tautomerized to the final ketone or 
aldedyde. This mechanism may be illustrated by the addition of 
hydrobromic acid to acrolein as follows; 

H 

/ 

CH 2 =CHC = 0+HBr 

4 3 2 1 


It will be recognized that in the first step of this mechanism a 
reaction is involved analogous to the 1, 4 addition of the dienes 

1 Johannes Thiele (1865-1918). Professor at the University of Strassburg. 


CH 2 ErCH ■ 
1 


H 

/ 

*C-0 


hypothetical 


-CH 2 BrCH 2 CHO. 
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(p. 73). In only a few cases has it been possible to prove that 1, 
4 addition takes place w T ith a , #-unsaturated ketones and with 
aldehydes. In addition of the Grignard reagent, it has been shown 
that the magnesium atom is actually attached to the oxygen as 
required by the theory of 1, 4 addition. Arguing by analogy from 
such facts, many chemists believe that all the characteristic re- 
actions of a, 0-unsaturated carbonyl compounds proceed by 1, 4 
addition. 

Thiele’s Theory of Partial Valence. As an explanation of the phenomenon 
of 1, 4 addition, Thiele advanced his theory of Partial Valences. Although 
this theory is certainly far from satisfactory, it gives a picture of one possible 
mode of addition to conjugated systems. It may be represented by the 
following diagram in which the dotted lines represent what Thiele called 
“ partial valences,” a concept for which it is difficult to form a satisfactory 
physical picture. In a normal double linkage the partial valences are free and 
serve to attract the usual reagents: 

r 2 C » CR 2 R 2 C = O. 

In a conjugated system, however, the adjacent partial valences are mutually 
satisfied, and the free partial valences only occur at the ends of the system 
(1, 4 positions); thus, the conjugated system in butadiene is not CH 2 = 

CH CH = CH 2 but CH 2 = CH CH » CH 2 and in a, /0-unsaturated 
: ; : : R * R 

ketones is not R 2 C = CHG — O but instead R 2 C « CHC « O. 

Additions therefore occur in the 1, 4 position. 

It must be emphasized that while conjugated systems have the possibility 
of 1, 4 addition and often manifest this possibility, they also take part in many 
reactions in which each individual double linkage reacts in a normal way. 
Such reactions are often spoken of as 1, 2 additions. For example, the com- 
bination of acrolein with bromine is such a reaction, and the formation of the 
normal oxime proceeds in the same fashion. Thiele’s theory of partial valence 
appears to predict that such 1, 2 additions would not occur. 

Reduction of Unsaturated Carbonyl Compounds. We have 
seen that when a, /3-unsaturated aldehydes and ketones are re- 
duced, it is the double bond adjacent to the carbonyl group which 
is reduced first. This occurs during catalytic hydrogenation and 
even with such reagents as sodium and aluminum amalgam which 
ordinarily do not effect an ethylene bond. Probably this is due 
to a 1, 4 addition at the ends of the conjugated system. Because 
of this fact, the reduction of the carbonyl group in a, jS-unsaturated 
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aldehydes and ketones can not be accomplished by the usual 
methods. For this type of reaction, aluminum isopropylate (p. 
115) serves admirably; thus acrolein can be converted into allyl 
alcohol according to the following reaction: 

AlfOCH(CH 3 ) 2 ] 3 

CH 2 = CHCHO -f 2[H] — ^ CH 2 = CHCH 2 OH. 

Ketenes 

A group of substances knowm as the ketenes may be considered 
as a special class of unsaturated ketones. Their structure con- 
tains the linkage C = C = 0, and they manifest such peculiar 
reactions that they are usually considered as a class by themselves. 
The simplest member of the class is ketene itself. It is formed by 
passing acetone through a hot tube: 

300 ° 

CHsCOCHa — ^ CH 2 - C - O 4 CH 4 . 

ketene 

It can also be prepared by treating bromacetyl bromide with zinc 
dust. This is a general method of preparing ketenes: 

CH 2 BrCOBr 4 Zn — > CH 2 = C = 0 4 ZnBr 2 . 

Ketene is a colorless gas, quite poisonous, with a characteristic, 
extremely unpleasant odor. It liquefies at —56°. Like all the 
representatives of this class, it is extremely reactive, combining 
with a great variety of reagents. Some of these addition reactions 
of ketene are illustrated by the following equations: 


o 

If 

o 

II 

B 

h 2 o 

CH 3 COOH, 

ch 2 = C = 0 

c 2 h 5 oh 

CH 3 COOC 2 H 5 , 

CH 2 = C = 0 

nh 3 

ch 3 conh 2 , 

CH 2 = C = 0 

Br 2 

CHsBrCOBr. 


With the exception of the last reaction it will be noted that the reaction of 
ketene may be regarded as the addition of a hydrogen Mom to the CH 2 group 
and a residue to the highly unsaturated central carbon atom. Thus, for 
example: 

ch 2 « c - o. 

H NH 2 

H OH 


296 THE CHEMISTRY OF ORGANIC COMPOUNDS 


All these processes probably involve a mechanism in which the first reaction 
involves only the carbonyl group, and is followed by a tautomerization of the 
enolic compound first formed. This mechanism has been proved in at least 
one instance. It may be illustrated by the case of the action of alcohol on 
ketene: 


CH 2 «C-0+C 2 H 5 0H- 


yOm 

CH 2 = C 

\)C 2 H 6 

hypothetical 


/ 

CH 3 C - OC 2 H 5 . 


The ketenes are classified into aldoketenes, having the general 
formula RCH = C = 0, and ketoketenes, R 2 C = C = 0. Aldo- 
ketenes polymerize to dimolecular compounds so readily that it is 
very difficult to work with them. 


QUESTIONS AND PROBLEMS 

1. Write equations for the following reactions : (a) glycerol and oxalic acid 
(heated); (b) ethyl crotonate+HBr; (c) CsHrCHO-f CH 2 (COOH) 2 (heated); 
(d) CH 2 - CHCH 2 CN boiled with NaOH; (e) (CH 3 ) 2 C * CHCOCH 3 
+ NaHS0 3 ; (f) C 2 H 5 CH » C « O + C 4 H 9 OH. 

2. What is meant by a conjugated system of double bonds? In what 
ways are such systems peculiar? Discuss briefly Thiele's theory of partial 
valence, including a discussion of its limitations. On the basis of this theory 
predict the products resulting from the following reactions : 

(a) isoprene + HBr; (b) CH 3 CH = CHCHO + NaHSO s ; (c) (CH 3 ) 2 C ~ 
CHOOC 2 H 6 + CHaMgl followed by hydrolysis. 

3. Discuss briefly the isomerism of fumaric and maleic acid. How does this 
isomerism differ from optical isomerism? Why is it difficult to determine the 
configurations of the two crotonic acids? What conclusion is reached from 
the fact that 1, 2-dichlorethane exists in only one modification? 

4. Outline clearly the experimental evidence for the structural formulas of 
the following compounds: allyl alcohol, maleic anhydride, ketene, acrolein. 

5. Outline reactions for the preparation of the following: (a) allyl iodide 
from glycerol; (b) crotonaldehyde; (c) acrylic acid from trimethylene glycol; 
(d) butanol-2 from glycerol; (e) ethyl acetate from acetone. 

6. Define the following terms: free rotation, vinyl alcohol, 1, 4 addition, 
three-atom system, antioxidants, partial valences. 

7. Write equations showing four general methods of preparing a, /3-un- 
saturated acids. Outline a procedure for preparing C 2 H 6 CH — CHCOOH 
from ethyl alcohol by two different methods. 

8. Why can not acrylic acid be prepared by oxidizing allyl alcohol with 
potassium permanganate or chromic acid? How would you prepare acrylic 
acid from glycerol? 
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9. Write structural formulas for the following substances : penten-2-oic 
acid; 3-methylheptadiene-2, 5-oic acid; 2-methylbuten-3-ol-2 ; vinyl pro- 
pionate; dimethyl ketene; phorone; mesityl oxide. 

10. Write reactions for the preparation of the following: (a) (CH 3 ) 2 C = 
CHCHOHCHs; (b) CH 3 CH 2 - CH 2 CH - CH 2 ; (c) CH 3 CH = CHCH 2 - 
COOH. 

11. Compare the structural formula of carbon suboxide with that of a 
ketene. What reaction would you expect between the oxide and (a) water, 
(b) alcohol, (c) ammonia? 


CHAPTER XVII 
THE CARBOHYDRATES 

Sugar, starch and cellulose are common examples of a class 
of substances known as the carbohydrates. This name origi- 
nated from the fact that the empirical formula of these com- 
pounds and many other carbohydrates can be written as 
C v (H 2 0) a; ; for example, glucose, CeH^Oe, (Ce(H 2 0)6) and cane 
sugar, C 12 H 22 O 11 , (C 12 (H 2 0)h) . Such formulas have no structural 
significance, of course. 

The carbohydrates are divided into three classes: the mono- 
saccharides, the disaccharides, and the polysaccharides. The 
monosaccharides are polyhydroxy aldehydes or polyhydroxy 
ketones. The disaccharides and polysaccharides, on hydrolysis, 
yield monosaccharides. A knowledge of the monosaccharides, 
therefore, is essential to an understanding of the more complex 
carbohydrates. 

Monosaccharides 

Glucose, CeH^Oe, also known as dextrose or grape sugar, 
is the commonest monosaccharide and occurs widely distributed 
in nature. Its commercial manufacture from starch will be 
discussed later (p. 316). In considering the structural formula 
for glucose, it is simplest first to look back fifty years and disregard 
modern developments in sugar chemistry. The simple open 
chain formula, which was at that time satisfactory, will be dis- 
cussed in the following paragraphs although we now know that it 
is incorrect. The old formula is still useful in indicating many 
of the reactions of glucose, and we shall use it for this purpose 
throughout this book. 

Structure of Glucose. The following facts are of importance 
in determining the constitution of glucose: (1) glucose is easily 
oxidized to an acid of the formula C 6 Hi 2 0 7 ; (2) it forms a penta- 
acetate, C 6 H 7 0 ( 0 C 0 CH 3 ) 5 , when treated with acetic anhydride; 
(3) on reduction with hydrogen iodide and phosphorus (above 
100°), a mixture of n-hexyl iodide and secondary hexyl iodide is 
formed. From this third fact we can conclude that the six carbon 
atoms in glucose are arranged in a straight chain, and from the 
second, that there are five hydroxyl groups in the molecule. 
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The oxidation reaction indicates that the substance is an alde- 
hyde. In connection with this last conclusion it will be recalled 
that an aldehyde RCHO is easily oxidized to an acid RCOOH; 
primary alcohols are also oxidized to acids, but there is a loss 
of two hydrogen atoms. The acid from glucose has the same 
number of both carbon and hydrogen atoms as the sugar itself 
and, therefore, an aldehyde group and not an alcohol group is 
involved in the oxidation. One of the five hydroxyl groups is that 
of a primary alcohol since a dibasic acid with six carbon atoms 
(and four OH groups) can be prepared by drastic oxidation. 

Since it has been found that the occurrence of two or more 
hydroxyl groups on the same carbon atom is very unusual, we may 
distribute the 5 OH groups on five of the six carbon atoms of 
the straight chain. This leaves the terminal carbon atom for the 
aldehydic group as follows: 


! 

CHOH 

I 

CHOH 

1 

CHOH 

I 

CHOH 

I 

CH 2 OH. 


This is the old formula for glucose; the newer cyclic formula 
which explains the existence of certain derivatives and isomeric 
forms will be referred to later (p. 307). 

The oxidation of glucose to a monobasic acid, gluconic acid, and 
to a dibasic acid, saccharic acid, may be represented as follows: 


CHO 

! 

(CHOH) 4 
CH2OH 


[ 0 ] 

NaOBr 


COOH rrt , 

1 [0] 
(CHOH) 4 — > 

COOH 

j 

(CHOH) 

i hno 3 

1 

CHoOH 

COOH 

gluconic 

saccharic 

acid 

acid 


The reduction of glucose proceeds readily with sodium amalgam 
yielding a hexahydroxy compound, sorbitol or sorbite (p. 191): 
0 H ° m] CH.OH 
<CHOH) 4 — > (CHOH) 4 . 


I 

ch 2 oh 


CH20H 
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The Aldohexoses. The formula for glucose shows the existence 
of four asymmetric carbon atoms (indicated by stars): 

6 5 4 3 2 1 

CH 2 OH CHOH CHOH CHOH CHOH CHO. 

* * sic * 

The number of possible stereoisomers of a substance with this 
formula is 2 4 or 16. Glucose is only one of these 16 isomers; 
it is scientifically known as cZ-glucose, its enantiomorph as Z-glucose. 
All the isomers are known; some occur in nature and others have 
been prepared in the laboratory. This group of sixteen stereoiso- 
mers is known as the group of aldohexoses . 

Sugars which have an aldehydic group are called aldoses; 
those which contain a ketonic group ketoses. The number of 
carbon atoms in the sugar can also be indicated in the name. 
Thus, the hexoses are all sugars with six carbon atoms; the 
pentoses with five. The name aldohexose indicates a six carbon 
sugar with an aldehydic group. Similarly the name aldopentose 
indicates a five carbon sugar with an aldehydic group and the name 
ketohexose a ketonic sugar with six carbon atoms. 

The methods of determining the spatial relationship of the 
asymmetric atoms in the isomeric sugars are so complicated that 
the subject is often reserved for a later course. In the last chapter 
of this book, some illustrations of the methods employed are 
outlined for those who may be interested. The results of such 
stereochemical investigations are represented by three-dimensional 
models which may be projected on a plane by the same conventions 
as used in the case of tartaric acid (p. 226). When this is done the 
configuration (i.e., spatial relationship of the atoms) of some of the 


commoner aldohexoses is as follows: 


CHO 

1 

CHO 

CHO 

HCOH 

j 

j 

HOCH 

j 

HCOH 

HOCH 

j : 

I 

HOCH 

j 

HOCH 

HCOH 

j 

HCOH 

j 

HOCH 

HCOH 

j 

HCOH 

j 

HCOH 

j 

ch 2 oh 

J 

ch 2 oh 

1 

CH 2 OH. 

df-glucose 

(dextrose) 

d-mannoee 

d-galaetose 


The prefixes d and l in the names of the carbohydrates and 
related substances do not refer to the sign of their optical activity, 


THE CARBOHYDRATES 


301 


but to the spatial relation of the groups (i.e., the configuration). 
To those who are versed in the stereochemistry of the sugars, 
these letters signify the relationships of the three-dimensional 
formulas. The formulas for Z-glucose, Z- mannose, and Z-galactose 
would be the mirror images of those shown above, of course. 
(For a further consideration see Chap. XXXIII.) 

Other Aldohexoses of Importance. Besides the very important sugar, d-glu- 
cose (dextrose), two other of the sixteen possible isomers should be par- 
ticularly mentioned. These are d-mannose and d-galactose whose con- 
figurations have just been represented. It will be noted that mannose differs 
from glucose only by having the opposite spatial arrangement of the hydroxyl 
group nearest the carbonyl. It is, therefore, said to be the epimer of glucose. 
It may be prepared by the hydrolysis of ivory nut fragments. d-Galactose 
is contained in the cell walls of plants in polymerized anhydro forms known 
as galactans. It is formed by the hydrolysis of such substances and of other 
vegetable materials known as pectins. Together with d-glucose, it is formed 
by the hydrolysis of milk sugar (lactose). 

Laevulose, a Ketohexose. The ketohexoses are a class of 
sugars represented by the following general formula (asymmetric 
atoms indicated by stars) : 

6 5 4 3 2 1 

CH 2 OH CHOH CHOH CHOH CO CH 2 OH. 

* * * 

There are 2 3 or 8 isomeric ketohexoses. Of these only one is of 
general interest. This is d-fructose, commonly called laevulose or 
fruit sugar. The configurational formula is as follows: 

CHoOH 

I 

CO 

I 

HOCH 

I 

HCOH 

I 

HCOH 

I 

ch 2 oh. 

e?-fructose (laevulose) 

The nomenclature of this sugar illustrates the fact that the prefix 
does not refer to the sign of rotation. The sugar is actually 
laevorotatory as the name laevulose implies. It is called d-fruetose 
rather than f-fructose because it is closely related to d-glucose. 

Indeed, the close relationship is evident by comparing the configurational 
formulas. Such a comparison reveals that d-glucose, d-mannose, and d-frue- 
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tose are identical in respect to the configurations of the three asymmetric 
carbon atoms nearest the CH 2 OH group (bottom of formula as usually 
written). It is therefore not surprising that each of these sugars on treatment 
with dilute alkali passes into an equilibrium mixture which contains some of 
each of all three. This conversion probably proceeds through an enolic form 
(ene-diol) common to all three. Its formula would be: 

CHOH 

II 

COH 

l 

HOCH 

I 

HCOH 

I 

HCOH 

I 

CH2OH. 

ene-diol of glucose, mannose, fructose 

Structure of d-Fructose. The structural formula of ^-fructose 
as a ketohexose is established by the following facts. It forms a 
penta-acetate, and therefore the molecule contains five hydroxyl 
groups. On reduction it yields a hexahydroxy compound (d-sorbi- 
tol) with two more hydrogen atoms in the molecule than the origi- 
nal sugar. It is therefore either an aldehyde or a ketone. Even 
on cautious oxidation two carbon atoms are lost, and a monobasic 
acid is formed. This proves that the compound is a ketone and 
not an aldehyde, and that the ketonic group is the second group 
in the chain. (The other oxidation product is glycollic acid, 
CH 2 OHCOOH.) The reduction of d-fructose to the same hexa- 
hydroxy compound as was obtained from glucose proves that the 
same chain is present in both compounds. 

d-Fructose occurs in many fruits and, together with dextrose, is 
a product of the hydrolysis of cane sugar. It is best prepared by 
the hydrolysis of a polysaccharide, inulin, which occurs in dahlia 
tubers and the Jerusalem artichoke. 

The Aldopentoses. Of the eight isomeric aldopentoses only 
three are of general interest. Two are formed by the hydrolysis of 
polysaccharides of high molecular weight known as pentosans. 
These are Z-arabinose and d -xylose (both compounds are dextroro- 
tatory though Z-arabinose is related to Z-glucose). The pentosans 
together with similar compounds which yield mannose or galactose 
on hydrolysis are known as hemi-ceUuloses . They occur widely 
distributed in plants particularly associated with cellulose in cell 
walls. Cherry gum consists largely of a pentosan which yields 
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Z-arabinose on hydrolysis. d-Xylose is obtained by the hydrolysis 
of straw or bran. The third pentose of importance is d-ribose 
which occurs in nucleic acids and a number of other compounds of 
interest to the biochemist. 

The aldopentoses resemble the aldohexoses closely in most of 
their reactions. The action of hot hydrochloric or sulfuric acid 
serves to differentiate the two classes; only the pentoses form a 
volatile aldehyde known as furfural. This substance contains a 
five membered ring containing oxygen. Its presence can be 
detected by the characteristic colored products it forms on con- 
densing with certain compounds. 


OH :OH 

I .... 

HC :H: 0 


CH -OH 
i ' 


H: C :H 


O H 


- CHO 


CH — CH 
II fl 

CH C-CHO. 


v 


furfural 


Reactions of the Monosaccharides 
Both the ketoses and aldoses are oxidized by warm Fehling’s 
solution and warm ammoniacal silver nitrate. This is somewhat 
surprising in the case of the ketose. since ketones are not usually 
attacked by these reagents. The ketoses differ from the aldoses 
in that the latter, on cautious oxidation with bromine water, yield 
an acid with the same number of carbon atoms; this is not possible 
in the case of the ketoses which yield acids with fewer atoms. 
Neither aldoses nor ketoses give the characteristic aldehyde test 
with SchifPs reagent (p. 124). Both react with phenylhydrazine 
(p. 122 ), C 6 H 5 NHNH 2 , to form yellow crystalline osazones which 
are less soluble than the sugars. This reaction was discovered 
by Emil Fischer 1 and is of great value in identifying and purifying 
the monosaccharides. The first step in the reaction is the forma- 
tion of a phenylhydrazone (p. 122) : 


CHO 

1 

C - NNHCeHs 
1 

CHOH 

CHOH 

1 + C 6 H 5 NHNH 2 — > 

I 

(CHOH) 3 

ch 2 oh 

(CHOH) 3 

ch 2 oh 


1 Emil Fischer (1852-1919). Professor at the University of Berlin; the suc- 
cessor to A. W. von Hofmann (p. 151). His discovery of phenylhydrazine was 
made in 1875 at Strassburg; it was not until some years later that he applied this 
reagent to a study of the sugar series. It is largely due to his labors that the 
relationship of the isomeric pentoses and hexoses was finally established. 
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The reaction proceeds further; the hydroxyl group next to the 
terminal group is oxidized by one molecule of phenylhydrazine, 
which is reduced to a substance known as aniline (C6H 5 NH 2 ) 
and ammonia: 

H H 

C - NNHCgHs c - NNHCgHs 


CHOH 

I 

(CHOH) 3 

i 

CH 2 OH 


C - O 

4- CeH 6 NHNH 2 — ^ I 4- CeHsNH* + NH 3 . 

(CHOH) s 

CH 2 OH 


The ketone group generated by this oxidation then condenses 
with another molecule of phenylhydrazine, forming the osazone, 
which is thus a sort of double phenylhydrazone: 

H H 

C = NNHCeH* C = NNHCsHs 

I I 

C = 0 +C 6 H 5 NHNH 2 — > C-NNHCgHs 

I ! 4" H 2 O. 

(CHOH)s (CHOH) 3 

CH 2 OH CH 2 OH 

A similar reaction takes place with ketoses, except that here the 
terminal CH 2 OH group next to the CO group is involved in the 
oxidation. It is possible to isolate the phenylhydrazones before 
the reaction proceeds further. 

Sugars which are identical except for the first two carbon atoms 
(atoms 1 and 2) will yield the same osazone. Thus, d-glucose, 
d-mannose, and d-fructose when treated with an excess of phenyl- 
hydrazine all form the same osazone. This fact is very useful in 
relating these three substances, since it proves that the configura- 
tion of the three asymmetric atoms nearest the CH 2 OH group 
(atoms 3, 4, and 5) is the same in all three compounds. 

Conversion of an Aldose to Ketose. When an osazone is 
warmed with concentrated hydrochloric acid, hydrolysis takes 
place and a keto-aldehyde known as an osone is formed: 


H 

H 

C-NNHCeHs 

C=0 

1 

4- 2HC1 1 

C=NNHC 6 H s 

— C=0 4-2C 6 H s NHNH 2 .HC1. 

1 

4- 2H 2 0 1 

(CHOH) 3 

(CHOH) 3 

1 

CH 2 OH 

CH 2 OH 


an osazone 


an osone 
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The osones are readily reduced to ketoses. 


CHO 

1 

CHaOH 

i 

CO + 2[H] 

— >co 

j 

(CHOH) 3 

(CHOH); 

CH 2 OH 

CHaOH 


Lengthening the Carbon Chain. The carbon chain of an aldose 
may be lengthened by a series of reactions. This process is very 
useful as it enables one to prepare hexoses from pentoses, and 
thus relate the two classes of compounds. The fundamental 
reactions are two — the first the preparation of an a-hydroxy acid 
from an aldehyde by a process we have met before (p. 211); the 
second is the reduction of this hydroxy acid to the corresponding 
aldehyde. This takes place in this case because the hydroxy acid 
spontaneously forms a lactone which is really reduced to the alde- 
hyde. The following equations will illustrate the procedure in the 
case of preparing an aldohexose from an aldopentose: 


CHO 

I 

(CHOH) 

CH 2 OH 


CN COOH 

I I 

HCN CHOH H*0 CHOH 
— > 1 — I 

, (CHOH)s HC1 (CHOH) 
I I 

CHaOH CH 2 OH 
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aldopentose 
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I 

CHOH 

I 

CHOH 

I 

CH — - 
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CHOH 

I 

CH 2 OH 

lactone 


loses 


CHO 
2fH] I 
— > (CHOH) 4 
I 

CH 2 OH. 

aldohexose 


This same set of reactions may be used in converting a ketose to an aldose. 
The ketose is first reduced to the hexahydroxy compound. This is then 
cautiously oxidized to the acid. This acid (in the form of its lactone) is then 
reduced to the aldose. The difficulty in this process is that when the hexa- 
hydroxy compound is formed it has two points of attack for the oxidizing 
agent; the oxidation has to be carefully controlled as otherwise a dibasic acid 
is formed. The names of the polyhydric compounds formed by reducing the 
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sugars always end in - itol (see p. 191); the corresponding monobasic acids have 
a name ending in -onic. We may therefore summarize the process thus: 

[H] [O] -H 2 0 [H] 

ketose — > - itol — > - onic acid — lactone — > aldose. 

Epimerization. On heating an aqueous solution of an -onic acid with pyri- 
dine, part of the acid undergoes epimerization; that is, the carbon atom 
adjacent to the carboxyl group assumes the opposite configuration. This is a 
reversible reaction which comes to equilibrium. The mixture of the two 
acids present in this reaction can generally be separated without difficulty 
through their salts. Since the -onic acids, as lactones, can be reduced by sodium 
amalgam, epimerization is a useful reaction for preparing one sugar from 
another. The conversion of d-glucose to d-mannose illustrates the conversion 
of an aldose to its epimer: 

pyridine . — H 2 O 

d-glucose — > d-gluconic acid d-mannonic acid — > 

heat 

NaHg 

d-mannolactone — > d-mannose 

It seems probable that epimerization of the -onic acids proceeds because the 
hydrogen on the alpha carbon can enolize and the enolic form, in which the 
asymmetry of the a carbon atom has disappeared, may revert either to the 
original acid or its epimer. This may be illustrated thus: 

-CHOHCOOH ~C(OH)=C(OH) 2 ^: -CHOHCOOH. 

Degradation of Carbon Chain. There are several methods of 
degrading an aldose to the sugar with one less carbon atom. 
The simplest method is to oxidize the aldose with bromine water 
to the corresponding acid (the - onic acid). This is an a-hydroxy 
acid and can therefore be oxidized to the corresponding aldehyde 
(p. 214) with loss of carbon dioxide. The reagent used in the 
sugar series is hydrogen peroxide and a trace of ferrous salt. 


CHO 

COOH „ „ 

CHO 

| Br 2 

1 h*o 2 

I 

CHOH — > 

CHOH — 

1 -l-l TT 

(CHOH) 3 + CO, 

^ H2O 

(CHOH)* 

j 

1 Fe 

(CHOH) 3 

1 

1 

CH2OH 

CH2OH 

CH2OH 



Glucosides. Glucosides are derivatives of glucose which on 
boiling with dilute acid are easily hydrolyzed, forming glucose 
and an hydroxy compound. Many glucosides occur in nature, an 
extraordinary variety of hydroxy compounds being thus com- 
bined. Methyl glucoside is readily formed by the interaction of 
glucose and methyl alcohol in the presence of hydrochloric acid. 
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The reaction involves the elimination of one molecule of water, 

v HC1 

C«H 12 0 6 + CHaOH — > CeHi 1 O 5 (OCHa) + H 2 0 . 

The glucosides differ markedly from glucose in their reactions. 
Thus, they do not reduce Fehling’s solution. This fact, their 
mode of formation and their easy hydrolysis show that they are 

H 

/ 

closely related to the acetals, RC— OR' (p. 121). The following 

\ 

OR' 

formula for methyl glucoside shows that it may be considered 
as an acetal in which one of the OR' groups is derived from methyl 
alcohol, the other from an OH group in the molecule itself, 

6 5 4 3 2 1/ H 

CH 2 OH CH CHOH CHOH CHOH c-och 3 . 

I o 

All aldoses and ketoses, when treated with an alcohol in the 
presence of a catalyst, form compounds similar to the glucosides; 
these are given the general name glycosides. In most cases two 
isomeric forms can be obtained known as the alpha and beta. 
These differ in their physical properties, particularly in their rota- 
tory power. These isomers are predicted from the theory of 
stereoisomerism. There are five asymmetric carbon atoms in 
methyl glucoside (atoms 1-5). The interaction with the alcohol 
makes the terminal atom asymmetric; corresponding to this 
asymmetric atom, there are two stereoisomers. In one, the 
terminal atom is laevo-rotatory; in the other, it is dextro-rotatory. 
Although a vast number of the naturally occurring glycosides are 
glucose derivatives, glycosides of other hexoses and of pentoses are 
found in plant and animal products. 

The Cyclic Structure of Glucose. We have just seen that the 
existence of two isomeric methyl glucosides is a necessary conse- 
quence of the cyclic structure. This fact provides the clue to the 
explanation of two isomeric forms of glucose itself. These are 
: known as alpha glucose and beta glucose. The former crystallizes 

from water as a hydrate, the latter is anhydrous. A freshly 
; prepared aqueous solution of the alpha form has a specific rotation 

of 4-109.6°; a similar solution of the beta form has a specific rota- 

h 
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tion of +20.5°. On standing, the specific rotation of both solu- 
tions slowly changes until a final value of +52.3° is reached in both 
cases. This corresponds to an equilibrium mixture of the two 
forms. This change is known as mutorotation. 

The two isomeric forms of glucose are clearly parallel to the two 
isomeric methyl glucosides discussed above. Alpha and beta 
glucose correspond respectively to a laevo and a dextro rotation of 
the terminal atom. Their existence shows that the old open 
chain aldehydic formula is incorrect, and in its place we must write 
the following cyclic structures: 


HCOH 

I 

HCOH 

i 

HOCH 

I 

HCOH 


HO& 

I 

HCOH 
: ! 
HOCH 
I 

HCOH 


6 


HO 


O. 


HO 


CH 2 OH 

a glucose 


CH 2 OH 

/S glucose 


The ease with which the two isomers pass into each other is in 
marked contrast to the stability of the two isomeric methyl 
glucosides. In the case of glucose the migration of a hydrogen 
atom can take place as in keto-enol tautomerism. It is probable 
that both forms are in equilibrium with a very small amount of an 
open chain aldehydic form corresponding to the old formula for 
glucose, 

ol glucose (cyclic) open chain aldehyde ft glucose (cyclic). 

If we consider the cyclic formula as a general formula for the 
aldohexoses, it is evident that 2 5 or 32 isomers are predicted, 

H 

CH.OH CH CHOH CHOH CHOH C-OH 


1 O 

in place of the 2 4 or 16 on the basis of the open chain formula. A 
careful study of each of the aldohexoses has shown the existence 
of two forms corresponding to alpha and beta glucose. Thus, the 
number of isomeric aldohexoses now known is greater than can be 
accounted for on the open chain formula; in time we may expect 
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that all the 32 isomers corresponding to the cyclic formula will be 
prepared. 

The reactions of the aldohexose we have previously written as 
though they involved an open chain aldehyde form. This may 
still be correct, as a small amount of the free aldehydic form may 
be in equilibrium in solution. If this reacts in the usual way with 
the reagent, it is used up and more of the cyclic forms open; 
eventually the entire reaction proceeds to completion. It is also 
possible that the cyclic forms themselves react directly, and that 
the oxygen ring opens under the influence of the reagent but not 
before. On this basis one can write suitable equations for all the 
reactions of aldohexoses. Glucose penta-acetate which is formed 
from glucose and acetic anhydride has none of the typical reactions 
of glucose itself and exists in an alpha and beta form. It, there- 
fore, has the following cyclic structure: 


CH 2 CH(CHOCOCH 3 ) 3 eHOCOCHs. 

ococh 3 

The Size of the Ring. Even after it became clear that the 
explanation of the two forms of glucose was to be found in the 
fact that this substance had a cyclic structure, the size of the ring 
was uncertain. In the formulas on the preceding page, a six- 
membered ring is shown. It is evident that formulas can also be 
written for analogous cyclic compounds in which smaller or larger 
rings exist. The determination of the exact ring structure of each 
sugar derivative marked the final stage in the development of the 
structural chemistry of this class of compoimds. 

Briefly, the method of determining the ring structure consists 
in replacing all the hydrogen atoms of the hydroxyl groups by 
methyl groups and then transforming the resulting methylated 
sugar to compounds in which the position of the methoxyl groups 
(-~OCH 3 ) could be located. It should be noted that as long as 
one is dealing with the sugar itself the reversible opening and 
closing of oxide rings of several sizes is possible. When all 
hydroxyl groups, except the potential aldehydic group, have 
been converted into methoxy groups, however, the size of the 
ring is fixed. From that point on the usual methods of organic 
chemistry will yield information as to the structure. 

The methylation of sugars is carried out by first converting the 
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sugar to the methyl glycoside, treating this compound with silver 
oxide and methyl iodide or dimethyl sulfate in alkaline solution. 
The glycoside methyl group is then removed by hydrolysis with 
acid. The other methoxy groups being ethers, it should be noted, 
are very resistant to hydrolysis. 

AgaO 

a-methyl glucoside — > CH 2 (OCH 3 )CH (CHOCHa ) 3 CHOCH 3 


CHsI or 

(CH^so* 

NaOH 


-0- 


tetramethyl methyl 
glucoside 


| dilute HC1 

CH 2 (OCHa)CH (CHOChJsCHOH 


-0- 


tetramethyl glucose 
(a methylated sugar) 

Furanose and Pyranose Sugars. The oxidation of the tetramethyl glucose 
prepared from either a- or / 3 -methyl glucoside yields a trimethoxy glutaric 
acid. This proves the presence of a six-membered ring in these glucosides. 
Another methyl glucoside (7-methyl glucoside) can also be prepared from glu- 
cose. It has been shown to contain a jfe-membered ring, since the tetra- 
methyl glucose obtained from this third glucoside by the procedure outlined 
above did not yield a inmethoxy but a dtmethoxy acid (dimethoxysuccinic 
acid) on oxidation. 

OH 
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CH0CH3 
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CHOCH3 
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CHOCH3 


0 


oxidation 


CH- 
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CHOCH3 
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COOH 


a dimethoxy 
succinic acid 
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Sugars and sugar derivatives which contain six-membered rings are said to 
be in the pyranose form; those which contain a five-membered ring are called 
furanose compounds. The glycosides which are obtained by the usual pro- 
cedure from the aldohexose and aldo pentose all contain the pyranose structure. 
The furanose ring, however, is present in a number of aldoketose derivatives 
which occur in nature, including cane sugar (see below). 

Ascorbic Acid, Vitamin C. Ascorbic acid is present in a great 
variety of vegetables and in particular in citrus fruits. It is a 
strong reducing agent, reducing both ammoniacal silver nitrate 
and Fehling’s solution in the cold. This behavior is due to the 
presence of an ene-diol system in the molecule: 

CO 

I 

HOC 

li O 

HOC 

1 

HC 

I 

HOCH 

I 

CH 2 OH 

vitamin C 

Ascorbic acid is a sufficiently strong acid to react with sodium 
carbonate solutions; the acidity is due to one of the hydrogens of 
the ene-diol system. Since it is also a lactone, it may be opened by 
treatment with alkali. The absence of ascorbic acid from an 
otherwise normal diet ultimately leads to scurvy. This vitamin is 
now manufactured synthetically by a series of reactions which 
start with d-glucose. 

Disaccharides 

Sucrose or cane sugar, C12H22O11, is the most familiar sugar. 
It is readily hydrolyzed in the presence of a little acid or by the 
action of the enzyme invertase; the products of hydrolysis are 
one molecule of glucose and one of fructose : 

enzyme or 

C12H22O11 + H2O — C&H^Os CeH^Og. 

acid fructose glucose 

This reaction is called inversion because the mixture of products 
rotates the plane of polarized light in the opposite direction from 
pure sucrose, which is dextrorotatory. Since fructose is laevo- 
rotatory and glucose dextrorotatory, one might imagine that an 
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equimolar mixture of the two would be inactive. This is not 
the case, however, because the action of fructose is more powerful 
than that of glucose; a mixture of the two in equal amounts 
therefore rotates the plane of polarized light to the left. The 
name invert sugar is applied to a mixture of glucose and 
fructose. 

The hydrolysis of sucrose establishes the fact that its molecule 
is built up of one of glucose and one of fructose joined together 
with the loss of water. The ease with which the hydrolysis takes 
place suggests that the nature of the linkage is similar to that in 
the glucosides. Sucrose does not reduce Fehling's solution. 
This fact indicates that neither the aldehydic nor ketonic groups 
of the constituent monosaccharides are free in the disaccharide. 
The following formula represents the sucrose molecule: 

CH 2 OH CH CHOH CHOH C CH 2 OH fructose part, 





It will be noted that the fructose part of the molecule contains a five- 
membered ring (furanose form of fructose), the glucose a six-membered ring. 
This was established by methylation of the disaccharide followed by hydrolysis 
and determining of the structure of the two methylated hexoses. 

Maltose and Lactose. Two other disaccharides are of general 
interest; they are maltose and lactose. They both crystallize 
with a molecule of water of crystallization and have the molecular 
formula C 12 H 22 OU . H 2 0. Maltose is the product of the enzymatic 
hydrolysis of starch. This hydrolysis is the first step in the 
digestion of starchy foods; the saliva contains an enzyme, ptyalin, 
which rapidly converts starch into maltose. Maltose is the sugar 
produced by the action of diastase (from malt) on starch, and its 
biochemical transformation to alcohol was mentioned in the first 
chapter of this book (p. 16). On hydrolysis maltose yields two 
molecules of glucose. This hydrolysis to glucose is the first step 
in the formation of alcohol from maltose. The reaction is brought 
about by an enzyme present in the yeast. The glucose thus pro- 
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dueed is then fermented to alcohol by another enzyme in the yeast 
cell (zymase). 

Lactose is the sugar which occurs in milk. It is present to the 
extent of about 4 per cent. On hydrolysis it yields a molecule of 
glucose and one of galactose. Lactose is fermented to lactic acid 
by the lactic acid ferment which is responsible for the souring of 
milk (p. 212) ; it is not fermented by ordinary yeast. 

Both maltose and lactose are reducing sugars like the monosaccha- 
rides. That is, they are oxidized by warm Fehling’s solution. In 
this respect they differ from sucrose which has no action on Feh- 
ling’s solution. The reason for this difference is seen by comparing 
the formula for sucrose with that for maltose or lactose which is 
given below. Maltose and lactose both have one of the original 
aldehyclic groups of glucose still free in the molecule (shown by a 
cross in the cyclic form written below). The free terminal group 
in maltose or lactose (a potential aldehyde group) confers on these 
disaccharides all the properties of aldoses. Glucose, on the other 
hand, has no such group. It is both a glucoside and a fructoside 
in which the monosaccharide residues are joined together through 
the potential aldehydie group of glucose and the potential keto 
group of fructose. 

In both disaccharides, only pyranose rings are involved. This 
was established by methylation and degradation of the methy- 
lated sugars. 

CH*OH CH - (CHOH) 3 - CH - 0 - CH - (CHOH) 2 - CHOH 

I I I J 

! o J • CH 0 

j 

CH 2 OH 

maltose or lactose 

(In maltose the sugar residue on the right is glucose; 
in lactose it is the isomeric galactose.) 

Enzymatic Hydrolysis of Glucosides. The disaccharides may 
be regarded as glucosides. This is evident from the formula for 
maltose written above; one molecule of glucose (written on the 
right) is in place of the methyl alcohol which has condensed with 
glucose in the methyl glucosides. It will be recalled that there are 
two isomeric glucosides possible in each case which we designate as 
alpha or beta. It has been found that there are enzymes which 
specifically hydrolyze the one form of glucoside or the other. 
These enzymes act almost independently of the nature of the 
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hydroxy compound condensed with the glucose residue. One of 
these enzymes is known as maltase, because it hydrolyzes this 
sugar to two molecules of glucose. It occurs widely distributed in 
nature; for example, in yeast and in the pancreas. It acts on all 
the glueosides of the one series which are known as the alpha 
glueosides. The other enzyme is known as emulsin and hydrolyzes 
only beta glueosides . Both enzymes are very specific and will 
not act on the glucoside of the other configuration. Once this 
fact had been established, it was possible to use these enzymes in 
determining the configuration of a glucoside. 

Polysaccharides 

Starch, glycogen (animal starch), and cellulose are all substances 
of large molecular weight which on hydrolysis yield glucose. 
They may all be represented by the empirical formula (CgHiqOs)* 
or (Ci 2 H 2 oOh))«- The polysaccharides are either insoluble in water 
and organic solvents, or only slightly soluble, forming colloidal 
solutions. They do not show the aldehydic reactions of monosac- 
charides; the presence of three hydroxyl groups connected with each 
group of six carbon atoms is readily demonstrated by acetylation 
•with acetic anhydride. 

While the molecules of the three important polysaccharides 
mentioned above are composed of only glucose molecules joined 
together, the class includes other types of compounds. For 
example, inulin is a polysaccharide which on hydrolysis yields the 
ketohexose, fructose. 

Starch and Glycogen 

Occurrence in Food-Stuffs. Starch occurs as white granules 
in nearly all plants. Starch granules from different plants differ 
greatly in size and shape. The food value of cereals and many 
other vegetable foods is due primarily to the starch which is 
present in them. For example, rice is about 75 per cent starch, 
corn 50 per cent and potatoes 20 per cent. This starch is hydrolyzed 
to maltose and then glucose in the process of digestion in the animal 
body. The liver then converts the glucose to a polysaccharide 
known as glycogen. This substance is very similar to starch. 
Indirectly, its combustion furnishes the heat and energy necessary 
for the life of the higher animals. 
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Biological Conversion of Hexoses to Trioses. In the conversion of glycogen 
to lactic acid (p. 212) in the muscle of animals and in the fermentation of 
glucose to alcohol by yeast, the fundamental reaction is the cleavage of a hexose 
molecule into two molecules of a three-carbon sugar. The three-carbon sugars 
are called trioses. The ketose of this group is dihydroxy acetone 
CH 2 OHCOCH 2 OH ; the aldose is glyceric aldehyde CH 2 OHCHOHCHO. 
The close relation of these two substances to a hexose will be evident when one 
considers that an aldol condensation of the two would produce fructose. By a 
reverse aldol reaction (p. 118) fructose would yield these two substances. 
Actually in nature the process is brought about by enzymes and as a first step 
the hexose is converted into a mono- or a diphosphate (probably a fructose 
diphosphate). The transformation of this compound into the monophos- 
phoric acid ester of dihydroxy acetone and glyceric aldehyde has been shown 
to be one of the essential steps in the chain of reactions, starting with glycogen, 
by which muscle tissue receives its energy. 
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Since the two trioses have the same di-enol form they are interconvertible. 
Glyceric aldehyde on oxidation and loss of water yields pyruvic acid; loss of 
carbon dioxide from this acid yields acetaldehyde. The reduction of pyruvic 
acid yields lactic acid. If acetaldehyde is itself reduced, ethyl alcohol results: 


oxidation 

CHaOHCHOHCHO — ^ ch20hchohcooh 

j~H*0 

CH3COCOOH -< — CH 2 - C - COOH 

pyruvic acid I 

OH 

enol form of pyruvic acid 

-CO2 


2[H] 


CHsCHOHCOOH CH 3 CHO - 


2[H] 


■ C 2 H s OH 


In the cell the changes involve not the hydroxyl compounds shown above but 
their phosphoric acid esters. These are formed by enzymatic action which 
involves a substance known as adenylic acid pyrophosphate (p. 527), contain- 
ing two phosphoric acid radicals, one of which can be transferred to the carbo- 
hydrate. If the oxidation of glyceric aldehyde and the reduction of pyruvic 
acid are so interrelated that one reaction proceeds at the expense of the other, 
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it is clear the over-all result is the change of a hexose molecule to two molecules 
of lactic acid. This is a very much simplified statement of the chemical change 
which occurs in contracting muscle in the absence of oxygen. If carbon 
dioxide has been lost from pyruvic acid and the oxidation of glyceric aldehyde 
takes place at the expense of the reduction of acetaldehyde, the over-all change 
has been the conversion of one molecule of hexose into two molecules of alcohol 
and two of carbon dioxide. This is an equally over-simplified account of 
fermentation. If the pyruvic acid (or its precursor, the triose) is oxidized by 
atmospheric oxygen (by means of a series of oxidation enzymes) and the 
process continues to completion, the over-all reaction is the complete com- 
bustion of the hexose to carbon dioxide and water. 

Structure of Starch and Glycogen. It has been established 
that the molecule of both starch and glycogen is composed of a 
chain of maltose units. In the case of starch 13 to 15 such units 
are joined together while in glycogen the number appears to be less 
(6 to 9). On enzymatic hydrolysis the glycosidic link between the 
units is broken and starch can be converted into maltose. Further 
hydrolysis yields, of course, glucose. 

Chemical Behavior of Starch. Starch is practically insoluble 
in cold water, but when a suspension of starch in water is heated, 
the granules swell and form a viscous solution which on cooling 
sets to a jelly. On dilution a colloidal solution of starch can be 
obtained which is liquid at room temperature. Such a solution 
shows none of the characteristic reactions of a monosaccharide. 
If it is boiled with dilute hydrochloric acid, the starch is com- 
pletely hydrolyzed to glucose. If the enzyme diastase is allowed 
to act on a suspension or solution of starch, a solution of maltose 
results. Starch gives a characteristic blue color with iodine; 
the test is very delicate. Dextrine yields a color with iodine which 
varies from red to violet, whereas no color is formed when the 
mono- and disaccharides are treated in the same manner. 

Manufacture of Starch, Glucose, and Dextrine. Starch is usually prepared 
commercially from corn or potatoes by a mechanical process of grinding and 
washing. A suspension of impure starch in water is thus obtained; by allow- 
ing it to settle slowly, the impurities are deposited first and may be removed. 
A microscopic examination of starch will reveal the source of the material, as 
the granules are characteristic of the plant from which they come. Starch is 
used in laundry work, in cooking, in the manufacture of pastes, and in the 
preparation of dextrines and glucose (see below). 

The hydrolysis of starch to glucose is carried out on a very large manu- 
facturing scale. A few per cent of hydrochloric acid is used as the catalyst, 
and after the completion of the hydrolysis this is carefully neutralized. The 
evaporation of the glucose solution thus prepared yields thick, syrupy solutions, 
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which are widely sold as sweetening materials for domestic use and in the 
manufacture of candy. 

When dry starch is heated to 200°~250°, a material known as dextrine is 
produced. It is soluble in cold water yielding a syrupy solution which has 
strong adhesive properties. Dextrine is used in manufacturing the mucilage 
used on postage stamps. From its behavior, dextrine appears to be a poly- 
saccharide of smaller molecular weight than starch. On hydrolysis it yields 
glucose. Dextrines are also formed as intermediate compounds in the enzy- 
matic hydrolysis of starch to maltose. 

Cellulose 

Common Forms of Cellulose. The structural material of the 
plant world is largely cellulose. It is the substance present in 
vegetable fibers and fabrics. Pure filter paper and “ cotton wool ” 
are examples of nearly pure cellulose. As in the case of starch, a 
microscopic examination will reveal differences in the cellulose 
fibers obtained from different sources. 

. In wood the cellulose fibers are embedded in an amorphous 
material of high molecular weight known as lignin. In the manu- 
facture of cellulose from wood, the operations are designed to 
remove this lignin and hemi-cellulose (p. 302). The cellulose 
fibers can be separated from these materials by treatment with 
such reagents as sodium hydroxide or calcium bisulfite which 
decompose or dissolve the lignin. 

The manufacture of paper from wood consists essentially in separating the 
cellulose and then matting the fibers together. The cheaper papers are pre- 
pared from mechanical pulp which is merely soft wood disintegrated in a 
stream of water. Lignin and other impurities are present, and their presence 
can be shown by a yellow coloration with aniline hydrochloride solution. 

Properties. Cellulose is insoluble in water and all organic 
solvents. It dissolves in Schweitzer's reagent (an ammoniacal 
solution of copper hydroxide) probably because of a chemical 
reaction. On acidification the cellulose is precipitated. 

Cellulose is much more resistant to hydrolysis than starch and 
is attacked only slowly by boiling with dilute acids. Cellulose 
dissolves in concentrated sulfuric acid; on diluting the solution 
and boiling it, glucose is formed as the final product. 

Chemical Constitution of Cellulose. On careful hydrolysis of 
cellulose, a disaccharide, cellobiose, is formed. This disaccharide 
on further hydrolysis yields two molecules of glucose. It has 
been shown that cellobiose has the same structural formula as 
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maltose (p. 313) except that it is a beta glucoside while maltose is 
an alpha glucoside. Small amounts of tri- and tetra-saccharides 
have also been isolated from the hydrolysis of cellulose. The 
cellulose molecule is composed of a long chain of cellobiose mole- 
cules joined together as illustrated below. It appears to contain 
50 to 100 cellobiose units. About fifty such chains are arranged in 
a bundle which is called a micelle. A cellulose micelle is about 
50 A thick and 500 to 1000 A long. A cellulose fiber is in turn 
made up of a large number of these micelle groups. 

~0-CH(CH0H)2CH-0-CH(CH0H) 2 CH.0-CH(CH0H) ! >CH-0-CH(CH0H) 2 CH-0- 
i I 1 I i I 1 i 

CH O CH O CH O CH O 

I I I ! 


CHaOH 


CEOH 


CHaOH 


CH 2 OH 


cellobiose unit 


cellobiose unit 


It will be evident that starch and cellulose differ both in the length 
of the chain and in the stereochemical nature of the glycosidic link. 
Starch is related to the alpha glucoside, cellulose to the beta. 

Glucose from Wood. Since wood is an excellent and a cheap source of 
cellulose, its transformation to simple sugars is carried out today in Germany 
by the Bergius process. In this method wood is treated with concentrated 
hydrochloric acid during which the cellulose is hydrolyzed and the insoluble 
lignin precipitated. The products obtained consist chiefly of glucose along 
with other simple sugars. It is claimed that as much as 66 per cent of the 
weight of wood is converted into sugars. Acetic acid is also a by-product of 
this process. 

Cellulose Nitrates. The hydroxyl groups in the polysaccha- 
rides form esters as would be expected. The esters of nitric acid 
can be formed by the direct action of a mixture of nitric and 
sulfuric acids on the polysaccharide. The cellulose nitrates 
which are prepared in this way are substances of very great 
importance. They are often erroneously called nitrocellulose. 
If the reaction is carried out in such a manner that all the free 
hydroxyl groups are esterified, the material is known as highly 
nitrated cotton or gun cotton, it is used as a high explosive in 
torpedoes. It has the empirical formula [C 6 H 7 02(0N02)3]* or 
[Ci 2 Hi 40 4 ( 0 NO 2 ) 6 ]n. It should be noted that since the molecular 
weight of cellulose is unknown we may express the analysis either 
in terms of a unit of 6 or 12 carbon atoms. 

[Ci 2 H 2 oOig] In 4- ^ 6 HNO 3 — ^ [C 12 Hi 40 4 ( 0 N 0 2 ) 6 ]n + n 6H 2 0. 
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The lower nitrates of cotton are called pyroxylin. They are 
important because they are soluble in mixtures of various organic 
solvents. The partial nitration of cotton is accomplished by 
careful control of the temperature, the concentration of acid, 
and the length of time of the action. The nitrated cotton resem- 
bles the original cotton in its general appearance. In the process 
of manufacture it is washed free from acid and finally dried by 
whirling in a centrifuge. After this treatment it still contains con- 
siderable water and in this form is not explosive. The water is 
usually replaced by soaking in denatured alcohol and the material 
is again centrifuged. It is shipped without danger when it is 
moist with alcohol. 

Smokeless Powder. When a mixture of gun cotton and the lower nitrates 
is treated with alcohol and ether, or certain other mixtures of organic solvents, 
it swells into a jellylike mass. This can be rolled into strips or cords of 
material which when dry have the consistency of dry gelatine. In the manu- 
facture of smokeless powder, nitrated cotton is “ gelatinized ” in this way and 
molded into various shapes and sizes. When ignited in the open in small 
quantities, smokeless powder burns without exploding. The process is explo- 
sive, however, when the material is confined. Unlike black powder, there is 
no solid residue and therefore no smoke. The decomposition which evolves 
much heat may be represented by the following reaction : 

[C 12 Hi 4 0< (0N0 2 ) 6 ]„ — > n 5CO + n 7C0 2 4* n 4H 2 + » 3H 2 0 + n 3N 2 . 

Celluloid and Lacquer Paints. Celluloid is manufactured by 
gelatinizing pyroxylin with alcohol and heating it with camphor. 
The product may be molded into a variety of shapes by heating 
to about 100°. At room temperature it is hard and somewhat 
brittle. As would be expected from its close relationship to 
smokeless powder, it is very flammable. 

Pyroxylin dissolves in a mixture of ether and alcohol, and the 
solution is known as collodion. A dilute collodion solution is often 
used as a liquid court plaster, since the solvent readily evaporates, 
leaving a thin film of transparent water-proof material. This 
material may be regarded as the forerunner of the lacquer paints 
which are widely used in the automobile industry. The develop- 
ment of these new lacquers has been made possible by the cheap 
production of the higher alcohols (p. 19) and by the discovery of a 
method of modifying pyroxylin. 

Collodion would not be satisfactory as a lacquer for two reasons. In the 
first place, solutions of it which contain sufficient material to give a thick film 
on evaporation are extremely viscous. In the second place, the evaporation 
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of the low-boiling solvent is so rapid that the surface is cooled, and on a 
moist day water condenses, forming spots. The difficulty in regard to the 
viscosity is now avoided by heating the lower nitrates of cotton in slightly 
alkaline solution for a considerable time. This modified pyroxylin is very 
soluble in mixtures of various organic solvents, and the solutions are ** thin ” 
enough to flow freely on a brush or in an air spray. 

Butyl acetate (b.p. 127°) is a solvent which does not evaporate too rapidly 
and is now a cheap material available in large quantities. It is blended with 
a great variety of other liquids, including hydrocarbons. Various gums, resins, 
and very high-boiling materials known as plasticizers are also incorporated in 
the lacquers. This lacquer industry has not only provided an outlet for butyl 
alcohol, which was originally a by-product of the preparation of acetone, but 
has stimulated the preparation of a variety of aliphatic compounds which 
may be used as solvents. 

Artificial Silk. The essential difference between the appear- 
ance of silk and cotton goods is due to the mechanical structure 
of the fibers. Silk fibers are long, continuous, smooth tubes, 
whereas cotton fibers are relatively short and irregular. Silk is a 
protein (Chap. XXXI), but this is of little significance. The prot- 
duction of artificial silk from cotton is merely a matter of changing 
the mechanical structure of the carbohydrate fiber. This may 
be done by a variety of methods which are based on the same princi- 
ple. A solution of cellulose or some cellulose derivative is forced 
through a very fine hole in such a manner that a continuous thread 
of solid material is formed. These almost invisible threads are 
then twisted together and the larger thread woven into cloth 
which closely resembles silk in its luster. Rayon is a name which 
has been given to artificial silk prepared by certain processes. 

The manufacture of artificial silk is a major industry today. 
During 1937 about 150 thousand tons of rayon were produced in 
the United States alone. 

One of the common methods of preparing artificial silk is the 
so-called viscose process. In this the cellulose is treated with 
carbon disulfide and alkali which gives a cellulose xanthate in 

; / - 

which the group —C— SNa is joined to one or more hydroxyl 
groups (p. 270). This cellulose xanthate with a small amount of 
water forms a thick solution known as viscose. This may be 
converted into threads of cellulose by squirting through a fine 
orifice into a solution which removes the xanthate group. 
Cellophane is the trade name given to thin, transparent sheets of 
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regenerated cellulose prepared by forcing viscose through a 
narrow slot into the regenerating solution: it is rendered moisture- 
proof by coating with a transparent lacquer. 

In another process for preparing artificial silk, the cotton is 
dissolved in Schweitzer’s reagent, and this solution is forced 
through a capillary tube into an acid solution which precipitates 
the cellulose as a long, continuous fiber. 

Cellulose Acetate. The cellulose esters of the organic acids 
can not be prepared by direct esterification. It is necessary to 
use the acid anhydride. By the action of acetic anhydride on 
cotton in the presence of a little acid, cellulose acetate can be 
prepared. It has the formula [Ci 2 HH0 4 (0C0CH 3 )6]n. It is 
soluble in several organic solvents, particularly the halogen deriva- 
tives of the aliphatic hydrocarbons. On partial hydrolysis the 
material becomes soluble in a wider variety of solvents. Material 
thus prepared is soluble in acetone, and can be obtained as a 
strong flexible film by evaporating the solvent. Unlike the 
cellulose nitrates, cellulose acetate bums with difficulty. For this 
reason moving picture films prepared from it may be used without 
the precautions against fire which are necessary with the ordinary 
films manufactured from cellulose nitrate. An artificial silk is 
also made from cellulose acetate. Large quantities of acetic 
anhydride are manufactured for the use of this industry (p. 93). 

Pectins and Gums. The pectins occur with the hemicelluloses 
in the cell walls of plant tissue. They pass into a colloidal solution 
in hot water. Such solutions will set to a gel on cooking and the 
solidification of fruit jellies depends on the presence of pectin in 
the fruit. It is now extracted commercially and sold as a powder 
to be added in the preparation of fruit jellies. 

The gums are secretion products of diseased or injured plant 
tissue. They are usually soluble in water or at least swell in 
water. They are used to a limited extent in pharmacy and in the 
preparation of food products. The commonest commercial gum 
is gum arabic, a product secreted by some species of acacias. 
Both the pectins and the gums yield on hydrolysis a mixture of 
aldohexoses and hexuronic acids. The latter are substances hav- 
ing the formula HOOC(CHOH) 4 CHO, which can be prepared by 
the oxidation of the terminal CH 2 OH of an aldohexose to the corre- 
sponding acid. The hexuronic acid most commonly encountered in 
the plant world is galacturonic acid which corresponds to galactose. 
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It is very interesting to note that certain bacteria, in par- 
ticular the pneumococci, form substances resembling the plant 
gums or hemi-celluloses. These carbohydrate materials form a 
protective capsule around the bacterium, and protect it against 
the engulfing action of the white blood cells. 

QUESTIONS AND PROBLEMS 

1. Classify the carbohydrates and state the characteristics of each class. 

2. In what respects are the aldohexoses and ketohexoses similar to each 
other and to simple aldehydes? In what respects do the three classes of com- 
pounds differ? (Write equations to illustrate the reactions which you may 
mention in answering this question.) 

3. Outline the evidence which indicates that glucose is a straight chain 
penta-hydroxy aldehyde. Why has this simple formula been modified? 

4. By what chemical tests could you distinguish between an aqueous solu- 
tion of glucose and of sucrose? 

•5. Explain why phenylhydrazine is of importance in sugar chemistry. 
Write equations illustrating its use. 

6. What chemical reactions of cellulose afford some evidence as to its 
structure? 

7. (a) Outline two methods of preparing artificial silk, (b) How would 
you distinguish rayon from real silk? 

8. Describe the manufacture of pyroxylin and indicate its many uses. 

9. Trace the fate of sucrose when taken into the body as food and eventu- 
ally utilized as a source of muscular energy. 

10. Write structural formulas for the following: a hexuronie acid, a portion 
of the cellulose molecule, maltose, gluconic acid, sorbitol, ethyl glucoside, an 
osone, a portion of a cellulose xanthate molecule. 

1 L With the aid of equations show how the following transformations may 
be accomplished: (a) an aldopentose to an aldohexose; (b) an aldopentose to 
an aldotetrose (four carbon sugar); (c) an aldose to a ketose. 

12. Write the stereochemical formulas for d-glucose and d-mannose (in 
open chain form). Write the stereochemical formula (open chain) for the 
aldopentose you would obtain by degradation of each of these sugars. 

13. A naturally occurring glycoside on hydrolysis with acids yields an alco- 
hol ROH and a molecule of glucose. How would you determine the configura- 
tion of the glycoside link and the size of the ring in this glucoside? 

14. If from a certain methylated pentose one obtains on oxidation, a 
trimethoxy glutaric acid, what does this prove as to the structure of the 
original sugar? 

15. Devise a synthesis of ascorbic acid which starts with an aldopentose of 
the proper configuration (2-xylose) and employs the reactions given in this 
chapter. 

16. Compare the behavior of dihydroxy acetone and glyceric aldehyde with 
the aldo and keto hexoses. 


CHAPTER XVIII 

THE HYDROCARBONS FROM COAL TAR 

Cyclic Compounds. In the preceding chapters we have con- 
sidered for the most part compounds in which the carbon atoms 
were arranged in an open chain. In only a few instances, 
such as the cyclic anhydrides, have we encountered a substance 
whose structural formula contained a ring of atoms. The 
open chain compounds are known as aliphatic compounds (fatty 
compounds). This name arose from the fact that the fatty acids 
(derived from the fats) are representatives of this class of sub- 
stances. 

In addition to these open chain or aliphatic compounds a great 
variety of substances are known in which some of the atoms are 
combined in the form of a ring. These cyclic compounds are 
divided into two classes, depending on whether or not the ring is 
composed entirely of atoms of the same kind. The homocyclic 
compounds contain only carbon atoms in the ring, while the 
heterocyclic compounds have atoms of other elements in the ring. 
The homocyclic compounds are for convenience further divided 
into tw6 groups, namely, the alicyclic compounds, which resemble 
closely the aliphatic compounds, and the aromatic compounds, 
a group of substances containing a ring with a peculiar type of 
unsaturation. We shall consider at some length certain of these 
aromatic compounds in the next few chapters, since in both the 
scientific and industrial development of organic chemistry this 
class of substances has played a very important role. 

The Development of Aromatic Chemistry. Certain hydrocar- 
bons found in coal tar, notably benzene, CeH 6 , contains an aro- 
matic ring. The chemistry of these hydrocarbons and the substances 
which can be prepared from them is called aromatic chemistry. 
The chemist’s interest in aromatic chemistry has been connected 
with the industrial development of this subject during the last 60 
years. The fact that certain substances can be readily and cheaply 
obtained from coal tar early led to their extensive study with a 
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view to obtaining from them products of commercial importance. 
The efforts of the early investigators were richly rewarded as a 
great variety of dyestuffs, drugs, flavors and perfumes, photo- 
graphic developers, and explosives were discovered. All these 
could be prepared from coal tar by relatively simple procedures. 
In order to appreciate and understand some of the triumphs of the 
organic chemist in this truly remarkable development we must 
acquaint ourselves with the general properties and behavior of 
that peculiar group of aromatic compounds which are found in 
coal tar. 

The Refining of Coal Tar. The coal tar dye industry may be 
considered in a sense as a by-product of the steel industry. The 
distillation of coal yields coke, gas, ammonia, and coal tar. Coke 



Fig. 26. Diagram illustrating the small yields of coal tar crudes from coal. 

is essential in the winning of iron from its ores and would be 
prepared for this purpose whether or not the coal tar were col- 
lected and utilized. The diagram in Fig. 26 shows what a small 
fraction of the coal is obtained as tar and also what a small por- 
tion of the tar is finally obtained as coal tar crudes. In spite of 
this very low yield, benzene, toluene, and naphthalene are cheap 
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raw materials because an enormous amount of coal is each year 
converted into coke. 

The refining of coal tar is done by distillation and by chemical 
treatment. The hydrocarbons are separated from each other by 
very efficient fractional distillation. Any basic nitrogenous ma- 
terial is removed by agitation with acid. Phenol, CeEUOH, and 
the cresols, CH3C6H4OH, are weakly acidic compounds and are 
separated by shaking with sodium hydroxide solution. They pass 
into the aqueous layer and may then be obtained by acidification. 
The -bulk of the tar is left as a black mass of pitch of unknown 
composition. It is used for roofing and for roads. The following 
diagram outlines the important steps: 

1000 lbs. of Coal Tar 


distilled 


yields: 


i 

Light Oil 
redistilled 
yields approx.: 

16 lbs. Benzene 
2.5 lbs. Toluene 
0.3 lb. Xylenes 


Middle Oil 
extracted 
with NaOH 
and redistilled: 

I | 

Phenol Naphthalene 
and 40 to 60 
Cresols lbs. 
together 
about 
20 lbs. 


Heavy Oil 
yields 

impure cresols 
and phenols 


Green Oil Pitch 
yields 500- 

anthra- 600 

cene lbs. 

and 

phenanthrene 


Coal Tar Crudes. A number of substances may be obtained 
in a pure condition by the careful distillation of the light oil and 


The Coal Tab Crudes 


Name 

Formula 

Boiling 

Point 

Melting 

Point 

Solubility 

Benzene 

c„h 6 

80° 

4 - 6 ° 


Toluene 

c„h 5 ch 3 

111° 

- 95° 


o-Xylene 

C 6 H 4 (CH s ) 2 

144° 

- 27° 

AH 

w-Xylene 

GH.CCH.,)* 

139° 

- 54° 

insoluble 

p-Xylene 

C 0 Hi(CHj ) 2 

138° 

+ 13° 

in 

Naphthalene 

CloHs 

218° 

-f 80° 

water 

Anthracene 

C„H 10 

342° 

4-218° 


Phenanthrene 

C14H10 

340° 

+101° 



middle oil. For this purpose a still is employed which is equipped 
with a very efficient fractionating column. Those compounds 
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which form a starting point for the synthesis of dyes, drugs, and 
explosives are called coal tar crudes. The eight hydrocarbons 
given in the table on page 325 may be listed as being the most im- 
portant coal tar crudes. 

Benzene 

The simplest of the aromatic compounds is benzene, CeHs. By 
studying this one substance we shall learn a great deal about the 
characteristics of the entire class. Benzene (sometimes called 
benzol) was discovered in 1825 by Faraday. 1 He obtained it by 
fractional distillation of an oil which was a by-product of the 
manufacture of illuminating gas from whale oil. Twenty years 
later, the substance was isolated from coal tar and its chemical 
investigation continued by A. W. Hofmann. 2 

Structure of Benzene. The analysis and molecular weight of 
benzene correspond to the formula CeH 6 ; it is thus a member of a 
series of hydrocarbons with the general formula C n H 2 «.-6. Al- 
though the formula suggests that it is a highly unsaturated sub- 
stance, it is very different indeed from an open chain unsaturated 
hydrocarbon. It reacts neither with bromine water nor 'potassium 
permanganate solution . These two reagents, as we have seen, 
invariably react with aliphatic hydrocarbons having one or more 
double linkages. 

The failure of an apparently highly unsaturated hydrocarbon to 
enter into addition reactions is indeed surprising. But even more 
interesting and significant facts have been disclosed by a study of 
the "products formed by replacing one hydrogen atom of benzene 
by another atom or group. All methods of preparing a compound 
with one such atom or group (a monosubstitution product) have 
yielded only one substance . For example, one and only one bromo- 
benzene, C 6 H»Br, has ever been prepared. Many different 
methods have been employed which would have yielded isomeric 
bromobenzenes if such were possible. It is evident that in an open 
chain compound such as represented by the formula I, or in an 

1 Michael Faraday (1791-1867). Professor at the Royal Institution, London. 
First served as Sir Humphry Davy’s assistant in the same laboratory. His 
researches on electricity and magnetism were of the greatest importance in the 
development of physics. 

2 August Wilhelm von Hofmann (1818-1892), (see p. 303, footnote). His study 
of the pure and applied chemistry and of aromatic compounds was so important 
that he may be considered the founder of the coal tar dye industry. 
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unsymmetrical ring compound, several monosubstitution products 
CeHgX, must exist. 


« 0 

CH 2 = CH-CaC-CH= CH 2 


two isomers CsHcX; 
substituent on 
a or /S atom 


8 y 
CH « CH 


\/9 « 

C = CII 2 


CH = CH 


three isomers CeHsX; 
substituent on atoms 
a, 7 or 5 


The only formula which is consistent with the fact that each 
hydrogen atom in benzene is equivalent to every other hydrogen 
atom is a formula having a symmetrical ring. The simplest for- 
mula meeting this condition is: 

H 

C 

w/ ^CH 
I I 
HC CH 

V 

H 

The Benzene Problem. The difficulties of taking care of the 
valences which are missing in the simple formula just written have 
troubled chemists ever since Kekule in 1866 suggested the hex- 
agonal formula for benzene. The simple expedient of writing 
alternate double linkages (formula I below), is difficult to reconcile 
with the fact that only one isomer having the substituents side by 
side (the ortho isomer) is known. According to formula I two 
isomers, C6H4X2, II and III would be predicted. 


X 

C 

11 1 

HC CH 


X X 

CH C C 

HC / HC^ \)X XC^ \lH 

II I II I II I 

HC CH HC CH HC CH 

H 

I II III 

isomers of CaH*X2 predicted on the basis 
of formula I 

To avoid this difficulty Kekul 4 suggested that the double link- 
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ages were continually oscillating back and forth between two 
positions. This may be represented as follows: 



Baeyer suggested that the free valences were arranged in an 
entirely peculiar manner found only in aromatic compounds. 
This is called the centric formula: 


H 

C 

/l\ 

HC CH 



H 


Various other formulas for benzene have been suggested which 
provide a possible solution of the problem, but no one formula 
has met with universal acceptance. The majority of chemists 
probably prefer an arrangement of alternate double and single 
linkages (formula I, above), and explain the non-existence of ortho 
isomers C6H 4 X 2 by postulating a* mobile shift of the double bonds. 

Although benzene and its derivatives do not show the behavior 
typical of unsaturated compounds, there are a few addition re- 
actions known. Thus, benzene slowly combines with chlorine in 
the sunlight to form benzene hexachloride, CeHeCR. It can be 
catalytically reduced under special conditions to hexahydroben- 
zene, C 6 Hi 2 (p. 481). Benzene slowly reacts with ozone forming 
a triozonide which on decomposition yields glyoxal: 


CH 

CH^ \jH 
I II + 303 

CH CH 

'W' 


H 


o 3 - c 



1 / 

\ 


CH 

CH 



\ 



/ 

CH 

CH 

1 \ 

/ 


0 3 -CH 




h 2 o cho 

— >3 f 

CHO 


-f* 3H2O2 


This reaction might be cited as convincing evidence for the 
correctness of the formula with three double linkages. 


THE HYDROCARBONS FROM COAL TAR 


329 


Aromatic and Unsaturated Alicyclic Hydrocarbons. It is very 
interesting to compare benzene with the cyclic compounds which 
differ from it by only one or two pairs of hydrogen atoms. These 
substances are cyclohexene and eyclohexadiene. 


CH 

TELgf \jh 
I I 

H 2 C ch 2 

x c / 

H 2 

cyclohexene 


CH 

i i 

H 2 C CH 

Ns/ 


eyclohexadiene 


These are alicyclic compounds and their reactions in every way 
resemble those of the corresponding open chain unsaturated sub- * 
stances, namely ethylene and butadiene. For example, both add 
bromine rapidly and are easily oxidized by potassium perman- 
ganate. The contrast between an unsaturated alicyclic compound 
and an aromatic hydrocarbon is evident. 

The aromatic compounds are best defined as cyclic compounds with 
a peculiar degree of unsaturation . From the experimental point of 
view this peculiar degree of unsaturation manifests itself on the 
one hand by the failure of the compound to show certain reactions 
of unsaturated compounds, and on the other by certain special 
types of reactions which we shall consider shortly. The contrast 
between aromatic and unsaturated compounds is not in all cases 
as striking as in benzene. 

From the theoretical standpoint, the peculiar degree of unsatu- 
ration of aromatic compounds has presented a problem which 
is still unsettled. The best method of formulating the ring in 
benzene and related compounds continues to be a matter of 
discussion. 

Resonance of Benzene. An inspection of the formulas on the 
top of page 328 shows that a ring containing an alternate series of 
double bonds differs in one important respect from any unsatu- 
rated aliphatic compound. It is possible to write formulas for 
possible isomers (e.g., II and III) without shifting any atom what- 
soever. If isomeric benzene derivatives of this type (correspond- 
ing to the double bond being in two different positions) could be 
isolated they would represent a different type of structural isomer- 
ism from any we have hitherto met. For in such a case, let it be 
carefully noted that the isomers would be identical in regard to the 
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position of all the atoms and only the position of the double bond 
would be different. Or expressed another way, the two isomers 
(if they existed) would only differ in the position of certain valency 
electrons (which the bonds represent). This is exactly the situa- 
tion we have encountered in considering the structure of the 
guanidinium ion (p. 258). As we have already noted, it is a 
remarkable and significant fact that no two isomeric organic com- 
pounds have ever been isolated which differ only in the position 
of electrons. It is not hard to see why this should be since we have 
seen in connection with acetoacetic ester how easily one isomer is 
converted into another when only a hydrogen atom has to move. 
When no atom but merely electrons are involved in the shift it is 
not surprising that isomers do not exist. It is a further fact, 
already mentioned (p. 258), that whenever it is possible to write 
for a compound two isomeric formulas which differ only by the 
position of the bonds (no atoms being shifted) that compound is 
more stable and usually less reactive than would otherwise be 
expected. The explanation of this situation in terms of the newer 
electron theories of valency was considered in our discussion of the 
guanidinium ion (p. 259). This phenomenon of resonance, it will 
be recalled, results in an increased stability due to resonance 
energy and a shortening of the link. In the case at hand, it has 
been found that all six bonds in benzene are of the same length. 
The inter-nuclear distance is only 1.39A as compared with 1.54A 
for the C — C normal link and 1.34A for the C = C normal bond. 

A consideration of the energy changes involved in the hydrogenation of 
benzene brings out the increased stability of this arrangement of atoms and 
also shows why benzene does not combine with such reagents as bromine. 
The heat evolved in the addition of pairs of hydrogen atoms to various un- 
saturated and aromatic compounds has been measured and the unique position 
of benzene and its relatives is conspicuous. Whereas in the addition of H 2 to 
substituted ethylenes or unsaturated alicyclic compounds such as cyclohexene, 
28-30 kg. cal. of heat is evolved, the reaction 

CeHo + H 2 — > C 6 H 8 (cyclo-hexadiene) 

absorbs heat to the extent of about 6 kg. cal. ( i.e is endothermic). In other 
words, the reaction under ordinary conditions of pressure runs to completion 
in the other direction — cyclohexadiene is unstable with respect to benzene 
and hydrogen. When cyclohexadiene is treated with a number' of different 
catalysts benzene is formed and usually the hydrogen which is eliminated is 
used up in hydrogenating some of the original cyclohexadiene. The heat 
evolved in an addition reaction is an approximate measure of the affinity of the 
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unsaturated compound for the reagent. The difference between 6 kg. cal. of 
heat absorbed and 28-30 kg. cal. of heat evolved in the hydrogenation of a simple 
double bond (a total of 34-36 kg. cal.) is a measure of the resonance energy of 
benzene. 

It is clear from the facts just stated that benzene has so little affinity for one 
mole of hydrogen (H 2 ) that it will not combine with it even in the presence 
of a catalyst at any ordinary pressure of hydrogen. (It can be calculated 
that a pressure of about 10 n atm. of H 2 would be necessary to make the 
reaction written above proceed from left to right to a point where 90 per cent 
of the benzene was hydrogenated.) A similar .lack of affinity for such re- 
agents as bromine and chlorine is the reason why benzene and its relatives 
do not show the usual reactions of unsaturated compounds. It should be 
remembered, however, that this lack of affinity applies only to the addition 
of one pair of atoms. In the hydrogenation of cyclohexadiene to cyclohexene 
26.5 kg. cal. is evolved and in the transformation of cyclohexene to hexahy- 
drobenzene (cyclohexane) 28.2 kg. cal. is liberated. Therefore, with a 
suitable catalyst it is possible to hydrogenate benzene completely without 
difficulty. 

H 2 H 2 h 2 



Over-all heat evolved 48.9 kg. caL 

Thiele’s Benzene Formula. Another way of formulating benzene and its 
derivatives was suggested by Thiele. He pointed out that either phase of the 
Kekule formula contained a conjugated system (p. 294) without terminal 
atoms. The residual affinity which he represented as being accumulated on 
the ends of the usual conjugated system was here imagined to be equally dis- 
tributed over the six carbon atoms, and thus largely neutralized. The same 
line of reasoning leads to the conclusion that a compound with alternate double 
and single linkages in an eight-membered ring should not react as an unsatu- 
rated cyclic compound but as an aromatic hydrocarbon. Such a compound, 
known as cyclo-octatetraene, might be expected according to Thiele's theory to 
be as peculiar as benzene. 


CH - CH 

CH CH 

I) JJ 

CH CH 

*\ / 
CH = CH 

cyclo-octatetraene 

t 


H 

(?\ 

HC CH 

II I) 

HC .CH 

i\ 

N-c 

H 

Thiele’s formula 
for benzene 
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Essentially the same conclusion would follow from the line of reasoning 
which emphasizes the possibility in benzene of writing two isomeric formulas 
differing only in the position of bonds ( z.e a condition of resonance). Un- 
fortunately, cyclo-octatetraene is very difficult to prepare and our knowledge 
concerning it is limited, but probably enough is known to make it safe to say 
that it combines with chlorine and bromine and even hydrobromic acid. 
This hydrocarbon has evidently much more affinity for one pair of atoms than 
benzene. Until some quantitative study of this compound is made, one can 
not say whether it stands nearer to a typical aromatic or to an unsaturated 
alley elic compound. It is probably very significant that crystalline deriva- 
tives of benzene have been shown by X-ray analysis to have all the carbon 
atoms of the ring in a plane. This planar configuration of the benzene ring, 
and the peculiar symmetrical arrangement of the unsaturation are probably 
both responsible for the large resonance energy and the peculiarities which 
we have been discussing. 

Conventional Outline Formulas. For many practical purposes 
it makes little difference how we dispose of the extra valences in 
benzene, . and, therefore, a method of writing formulas has been 
adopted which leaves the problem entirely unanswered. Benzene 
is represented by a hexagon; neither the carbon atoms nor the 
hydrogen atoms are written. It is assumed that the group CH 
constitutes each corner. If a group or atom has replaced a hydro- 
gen, this group or atom is written. The following examples will 
make this clear. 


Br OH 



benzene monobromobenzene phenol 

C 6 H 6 C 6 H 6 Br CeHsOH 


In the formulas written above, it is immaterial whether the 
bromine atom and hydroxyl group are written at the top, side, or 
bottom of the hexagon. The ring is symmetrical and every posi-. 
tion is equivalent to every other. 

Aromatic Properties. The chemical properties which are 
characteristic of benzene and its derivatives are often spoken of as 
aromatic properties. These include: (a) resistance to oxidation; 
(b) acidic properties of the hydroxyl derivatives (to be discussed 
later); (c) failure to add reagents which usually add to the un- 
saturated compounds; (d) the ready substitution of hydrogen by 
other atoms or groups. 
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The last characteristic is of special interest and needs amplifi- 
cation. The characteristic substitution reactions are: 

(1) Halogenation, the substitution of hydrogen by chlorine or 
bromine: 

iron as a catalyst 

C 6 H g + Ci 2 — C 6 H 5 C1 + HC1. 

(or Br 2 ) (or C 6 H 5 Br) (or HBr) 

(2) Nitration , the substitution of hydrogen by the nitro group: 

C c Hg -I- IINOg — 5- CcHsNOa ~F H 2 0. 

(H 2 S04) 

A mixture of concentrated nitric and sulfuric acids is used. 

(3) Sulfonation, the substitution of hydrogen by the sulfonic 
acid group: 

C 6 H 6 + H 2 S0 4 — 5- C 6 H 6 S0 3 H 4 - H 2 0. 

(4) Friedel and Crafts 1 reaction, the introduction of an alkyl 
or acyl group by means of the halide and aluminum chloride: 

AlCls 

C 6 H 6 + C 2 H 5 Br — > CgH 5 C 2 H 5 + HBr, 

A1C1 3 

C 6 H 6 + CH 3 COCI — ^ C 6 H 5 COCH 3 + HCL 

Number of Substitution Products. We have seen that it has 
been experimentally established that all the positions in the ben- 
zene ring are equivalent. There are only three isomers of a com- 
pound C 6 H 4 X 2 . The nomenclature of these isomers may be 
illustrated by the case of dibromobenzene, C 6 H 4 Br 2 . 


Br 

Br 

Br 



je 1 2 ) 

f 1 2 


15 3j 

\4/ 


Is 3 

\4/ 

Br 


ortho 

meta 

t>ara 


dibromobenzene 

dibromobenzene 

dibromobenzene 

or 1, 2-dibromo- 

or 1, 3-dibromo- 

or 1, 4-dibrom.o- 

benzene 

benzene 

benzene 


The terms, ortho, meta, and para should be noted. It is, of course, 

1 C. Friedel (1832-1899), a French chemist with whom the American J. M. 
Crafts (1839-1900) worked at the Sorbonne, Paris, in 1877. Crafts was Professor 
of Chemistry at the Massachusetts Institute of Technology. 
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only the relative positions of the groups which is important, and 
the ortho compound, for example, may also be written: 



There are three isomers of a trisubstituted benzene of the for- 
mula CeH 3 X 3 . Thus, there are three tribromobenzenes : 


Br 

Br 

Br 

Br 

|^]Br 

/i\ 

|6 2 

kj Br 

lo 3 

Brl^Br 


Br 


l t 2, 3-tribromobenzene 
(vicinal form) 

1, 2, 4-tribromobenzene 
(asymmetric form) 

1, 3, 5-tribromobenzene 
(symmetric form) 


Nomenclature of Polysubstituted Benzenes. The method of 
nomenclature which is used with benzene derivatives containing 
more than two groups involves the numbering of the ring as indi- 
cated above. The disubstitution products are also sometimes 
referred to in this way; thus, ortho dibromobenzene is 1, 2-dibro- 
mobenzene, and the para compound 1, 4-dibromobenzene. 

Determination of Positions of Substituents. Three and only 
three compounds with the formula C 6 H 4 Br 2 , are known; the ortho, 
meta, and para isomers. The question now arises, how is it 
possible to decide which substance is ortho, which meta, and which 
para? A similar problem exists in regard to any benzene deriva- 
tive with two or more substituents. The actual steps in deter- 
mining the structure of aromatic compounds are complicated and 
often difficult, but the general principle involved is very simple. 
By understanding this principle, we shall become acquainted with 
the fundamental basis for all the formulas of aromatic compounds 
which will be presented in the following chapters. 

The ortho, meta, and para isomers differ in regard to the number 
of trisubstitution products which it is possible to prepare from 
them. This is illustrated below: 

Ortho Isomer , two possible trisubstitution products: 
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Meta Isomer , three possible trisubstitution products: 



+ 



Para Isomer, only one trisubstitution product: 


X X 



X X 


It must be remembered in this connection that such formulas 


as 

Y 



and 



are the same though at first sight they 


appear different. (In this case, the two may be superimposed by 
rotating through 180° and folding the paper.) With this in mind 
one can easily convince oneself of the correctness of the proposi- 
tions stated above by a few moments with a pencil and paper. 

Returning now to the specific case of the three isomeric dibro- 
mobenzenes, it is only necessary to take each isomer and determine 
the maximum number of substitution products CeEtB^Y which 
can be prepared from it (where Y may be the N0 2 group, for 
example). The isomer which yields only one is the para, that 
yielding two is the ortho and the third which yields three is the 
meta. This has been done by methods many of which will be 
considered in the following chapters; the results have established 
the structure of the isomers once and for all. Similar procedures 
with other isomeric compounds have yielded similar results. 
This is known as the absolute method of determining the position 
of groups. It was first employed by Komer, 1 and one of the cases 
studied by him was that of the dibromobenzenes. 

After the structure of a number of aromatic compounds had 
been established by the absolute method, it was possible to use 
these substances as points of reference in determining the struc- 
ture of other compounds. For example, a certain dinitrobenzene, 
C 6 H 4 (N0 2 ) 2 , can be transformed by a series of reactions (Chap. 
XXI) into the dibromobenzene which melts at 87°. The absolute 

1 Wilhelm (Gugiielmo) Komer, 1839-1925, Professor at Milan. 
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method had previously shown that this particular dibromobenzene 
is the para isomer. Therefore, the dinitrobenzene, which could be 
transformed into it, was also the para isomer. Such methods are 
now employed in determining the structure of the new benzene 
derivatives which are from time to time prepared in the course of 
investigations of scientific or industrial problems. 


Alkyl Derivatives of Benzene 

The alkyl derivatives of benzene are very similar to the parent 
substance in their general behavior. Toluene, CeHsCHs, and the 
isomeric xylenes are readily obtained from coal tar. We shall have 
many occasions to refer to toluene since it can be transformed into 
a variety of important substances. The structure of toluene and 
of the three isomeric xylenes are as follows: 


CH 3 CH 3 CH 3 CH ; 



toluene ortho xylene meta xylene para xylene 


The boiling points of the three isomeric xylenes lie so near together 
that it is a difficult matter to separate the one from the other. 
Commercial xylene is a mixture of all three. We shall see in 
general that the separation of a mixture of ortho, meta, and para 
isomers is a difficult matter. It can be accomplished only by very 
efficient fractional distillation or by repeated crystallization if the 
substances are solids. 

Methods of Preparing Aromatic Hydrocarbons. Although 
benzene, toluene, and the xylenes are obtained from coal tar, it is 
important to have general methods of preparing aromatic hydro- 
carbons. Some of these are very similar to the methods used for 
preparing aliphatic hydrocarbons. For example, the sodium salts 
of aromatic acids on heating with sodium hydroxide yield the 
corresponding hydrocarbon : 


o 


COONa + NaO : .H 


sodium salt of 
benzoic acid 


<C )> + Na 2 C0 3 . 

benzene 


The hydroxyl derivatives of aromatic hydrocarbons may be 
reduced to the hydrocarbon by distillation with zinc dust. T his 
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method has been of value in determining the structure of certain 
hydroxyl compounds which occur in nature (alizarin, p. 556) : 


OH 



The introduction of alkyl groups into the aromatic ring (or 
nucleus as it is often called) may be accomplished by the Friedel 
and Crafts reaction previously mentioned (p. 333) or by the 
Wurtz-Fittig reaction. The latter reaction is illustrated by the 
preparation of ethylbenzene from bromobenzene, ethyl bromide, 
and sodium: 


<( 3 >Br + 2Na + BrC 2 H 5 — >- <( )>C 2 H S + 2NaBr. 

ethylbenzene 


The preparation of aromatic hydrocarbons from aliphatic com- 
pounds is possible but, with a few exceptions, rarely employed. 
Acetylene at a high temperature polymerizes to benzene: 

500° 

3CH ^ CH — > CeHc 


Aromatic hydrocarbons are also obtained from paraffin hydrocarbons by 
pyrolysis. High temperature, pressure, and special catalysts are essential. 
Thus, when n-octane is subjected to pyrolysis, ortho xylene is one of the chief 
products. 

In the cracking of petroleum fractions, the product becomes richer in 
aromatic hydrocarbons. As we have seen (p. 52), the presence of small 
amounts of these hydrocarbons in gasoline is desirable. Natural gas and the 
gases obtained from the cracking process can also be pyrolyzed to aromatic 
hydrocarbons. In some localities the production of these hydrocarbons from 
cracked gases is an industrial reality. 

The symmetrical trimethylbenzene, known as mesitylene, is 
always prepared by the action of sulfuric acid on acetone. 


CHj 

I 

HC- C = 

jai 
o 


o h 2 ;ch. 


CHj 


CHs — c — C& 0:- C - CH 3 



T 3 H 2 O 


1, 3, 5-trimethylbenzene 
or mesitylene 
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Other condensation reactions of acetone which take place in the presence of 
acid catalysts and involve the elimination of water yield unsaturated ketones 
(p. 291), as for example, mesityl oxide, (CH 3 ) 2 C = CHCOCH 3 , and phorone, 
(CH«)*C * CHCOCH « C(CH 3 ) 2 . The heat evolved in these condensations 
is relatively slight and corresponds to a reversible reaction in which measurable 
amounts of reactants and products are present at equilibrium. In the case of 
the formation of mesitylene, however, it can be estimated from energy relation- 
ships that the heat evolved is large and if equilibrium conditions could be 
realized, the concentration of acetone would be much too small to be measured 
(far less than .0001 per cent). The greater stability of the aromatic ring and 
the tendency of reactions producing this ring to go to practical completion is 
evident from this example. 

Higher Homologs of Toluene. The physical properties of 
some of the simpler alkyl derivatives of benzene are given in the 
accompanying table. 


Physical Properties of Some Alkyl Derivatives 
of Benzene 


Name 

Formula 

Melt- 

ing 

Point 

Boil- 

ing 

Point 

Den- 
sity 
at 20° 

Toluene 

C 6 H 6 CH s 

- 92.4° 

111° 

.865 

Ortho xylene 

C 6 H 4 (CH S ) 2 

- 28° 

142° 

.863 

Meta xylene 

C 6 H 4 (CH 3 ) 3 

- 54° 

140° 

.865 

Para xylene 

C 6 H 4 (CH 3 ) 2 

+ 15° 

138° 

.863 

Ethylbenzene 

c 6 h 6 c 2 h 5 

- 94° 

135° 

.876 

Propylbenzene 

Isopropylbenzene (Cumene) 
Pseudocumene 

C c H 5 CH 2 CH,CH 3 

C„H 5 CH(CH 3 ) 2 

C 8 H»(CH,)rl,2,4 

- 45° 

150° 

169° 


Mesitylene 

CoHj(CHj)j-1', 3, 5 

- 53° 

165° 


1, 2, 3, 5-tetramethylbenzene 

Cc,H 2 (CH 3 ) 4 

below 0° 

195° 


1, 2, 3, 4-tetramethylbenzene 

CbH 2 (CH 3 ) 4 

- 4° 

204° 


1, 2, 4, 5-tetramethyIhenzene 
(Durene) 

C«H 2 (CH s ) 4 

+79-80° 

194° 


1, 2, 3, 4, 5-pentamethylbenzene 
Hexamethylbenzene 

C 6 H(CH 3 ) 6 

+ 53° 

231° 


C 6 (CH 3 ) 6 

+ 169° 

264° 



In general, both the boiling point and melting point increase 
with increasing molecular weight. The effect of symmetry on 
the melting point (but not the boiling point) is evident in the 
high melting points of durene , 1, 2, 4, 5-tetramethyIbenzene (m.p. 
80°), and hexamethylbenzene (m.p. 169°). These compounds 
together with the pentamethyl compound are formed by the 
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prolonged action of methyl chloride on benzene (Friedel-Crafts 
reaction). 

Cymene (or para cymene), l-methyl-4-isopropylbenzene, 

CH 3 


CHs 


ch s <3ch 


is closely related to a number of the terpenes which are considered 
in Chap. XXVII. Many terpenes may be converted into this 
hydrocarbon (p. 489). It occurs in a variety of essential oils. 
The structure of cymene w r as established by synthesis early in the 
development of the theory of structure. This established the 
nature of the carbon skeleton in those terpenes which could be 
transformed into it. 

Nomenclature of Aryl Groups. Just as we have names for the 
alkyl groups, so it is convenient to have names for the groups 
corresponding to an aromatic radical — aryl groups. The aryl 
group, C 6 H b-, is known as the phenyl group. The name origi- 
nated from the fact that the corresponding hydroxyl compound, 
CeHsOH, is known as phenol. It must be noted that in this case 
the name of the aryl group does not suggest the name of the corre- 
sponding hydrocarbon. However, in the case of the aryl groups 
corresponding to the alkyl derivatives of benzene, the nomenclature 
usually follows that of the hydrocarbon. Thus, CHsOeEU- is the 
tolyl group (ortho, para or meta), (CH 3 ) 2 C 6 H 3 - the xylyl group, 
and (CH 3 ) 3 C 6 H 2 ~-, the mesityl group. The group, CH 3 CgH 4 --, 
is also sometimes called the cresyl group, the name being derived 
from that of the hydroxyl compound, (CH 3 C 6 H 4 OH), cresol. 


QUESTIONS AND PROBLEMS 


1. What is the evidence for the cyclic structure of benzene? What experi- 
mental facts exclude the following formulas : 

C 

CH 3 CH 2 C = C - C = CH, caf \)H 2 ? 

^CH = CH^ 

2. Compare the chemical behavior of ethylene, acetylene, benzene, cyclo- 
hexene. 

3. Write structural formulas for all the isomers of the following derivatives 
of benzene: C 6 H 4 (CH 3 ) 2 , CeH 3 Br 3 , C 6 H 4 (OH) 2 . 
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4. Write structural formulas for: para dimethylbenzene, ortho xylene, 
meta dibromobenzene, 1, 2, 5-trichlorobenzene, mesitylene, para cymene. 

5. Describe briefly the steps in the refining of coal tar, naming the im- 
portant “ coal tar crudes.” 

6. What products would you expect from the ozonolysis of ortho xylene? 

7. Write equations showing the action of concentrated sulfuric acid on: 
benzene, ethylene, ethyl alcohol. 

8. What method is available for preparing an aromatic hydrocarbon from 
an aromatic acid? From a phenol? 

9. How would you suggest preparing n-propylbenzene from coal tar and 
aliphatic compounds? 

10. An aromatic compound A, CsHioO, when distilled with zinc dust gave 
an aromatic hydrocarbon B, CgHio. When B was nitrated, one trisubstitution 
product was obtained. What is the structure of A? 

1 1. Discuss the absolute method of orientation in the benzene ring. Using 
the three isomeric trisubstitution products of benzene, indicate by this method 
how the structure of each isomer may be determined. 


CHAPTER XIX 

ARYL HALIDES, SULFONIC ACIDS, AND PHENOLS 

Aryl Halides 

One of the characteristic reactions of aromatic compounds is 
the replacement of a hydrogen atom on the ring by chlorine or 
bromine. The resulting compounds are aryl halides. Unlike the 
alkyl halides, the simple aryl halides are almost never prepared 
from the corresponding hydroxyl compounds. They are usually 
prepared from the hydrocarbons. The following table lists some 
of the more important aryl halides; they are all insoluble in 
water. 


Chloro, Bromo, and Iodo Derivatives of Benzene and Toluene 


Name 

Fobmula 

Boiling 

Point 

Melting 

Point 

Chlorobenzene 

CeHsCl 

132° 

- 45° 

Bromobenzene 

CeHsBr 

156° 

- 31° 

Iodobenzene 

C 6 H 5 I 

189° 

- 31° 

o-Chlorotoluene 

CH 3 C e H4Cl(o) 

159° 

- 35° 

m-Chlorotoluene 

CH 3 C 6 H 4 Cl(m) 

162° 

-48° 

p-Chloro toluene 

CH 3 C 6 H 4 Cl(p) 

163° 

■f 8° 

o-Bromotoluene 

CH 3 C 6 H 4 Br(o) 

182° 

-28° 

m-Bromotoluene 

CH 3 C 6 H 4 Br(m) 

184° 

-40° 

p-Bromotoluene 

CH 3 C 6 H 4 Br(p) 

184° 

+ 28° 

o-Iodotoluene 

CH 8 C 6 H 4 I(o) • 

211° 

. 

m-Iodo toluene 

CH 8 C 6 H 4 I(m) 

204° 

— 

p-Iodotoluene 

CH 8 C 6 H 4 I(p) 

212° 

35° 


Chlorobenzene and Bromobenzene. These two substances 
may be taken as typical representatives of the aryl halides. 
They are prepared by the action of chlorine or bromine on warm 
^benzene in the presence of some catalyst. Iron is almost always 
the catalyst employed. 

Fe 

C 6 H 6 + Br 2 — > C 6 H 5 Br + HBr. 
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The product is purified by distillation. In addition to the mono- 
halogen compound, some dichloro- or dibrombenzene is also 
formed. Unlike bromine and chlorine, iodine, by itself, does not 
directly replace a hydrogen atom attached to an aromatic ring. 
Iodobenzene, however, can be made by the action of iodine and 
boiling nitric acid on benzene. 

2C c H 6 +21 + [0] — > 2C 6 H 5 I + H 2 0. 

HNOa 

Halogenation of Alkyl Derivatives of Benzene. The alkyl de- 
rivatives of benzene such as toluene and ethylbenzene may react 
in two different ways when treated with chlorine or bromine. 
A hydrogen atom of the nucleus or a hydrogen atom of the alkyl 
group (the “ side chain ”) may be replaced. The nuclear halo- 
genation is accelerated by such catalysts as metallic iron or ferric 
salts; the introduction of a halogen atom into the side chain is 
favored by strong light and high temperature. 

catalyst 

cyeucHs + ci 2 — -> cioehch, + hci, 

FeCl 3 mixture of 
ortho and 
para isomers 

light 

C 6 H 5 CH 3 + Clo — ^ CeHsCHsCl + HCI. 

benzyl chloride 

It will be noticed that the product of the side-chain chlorination, 
benzyl chloride (b.p. 179°), does not contain the halogen atom 
directly attached to the aromatic ring. It is, therefore, not an 
aryl halide like ortho and para chlorotoluene but an alkyl halide 
(methyl chloride) in which one hydrogen atom has been replaced 
by an aromatic group (CgH 3 ). 

The chlorination of the side chain of toluene proceeds further 
to give benzal chloride (b.p. 207°), C 6 H 5 CHC1 2 , and finally 
benzotrichloride (b.p. 213°), CcHsCCb. Unlike the chlorination 
of methane (p. 50), the side-chain reaction of toluene with 
chlorine can be controlled so that any one of the three chlorination 
products can be obtained in a good yield. 

C,H 6 CH 2 C1 + a* — > CeH 5 CHCl 2 + HCI 

benzal chloride 

C 6 H 5 CHCI 2 + Cl 2 — >. CeHjCCis + HCI. 

benzotrichloride 
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Dichlorobenzenes. On chlorination of chlorobenzene in the 
presence of iron three disubstitution products are obtained: ortho, 
39 per cent (m.p. —17.6°, b.p. 179°); meta, 5 per cent (m.p. 
— 24.8°, b.p. 173°); para, 55 per cent (m.p. 56°, b.p. 174°). 
Paradichlorobenzene is used extensively as a moth and caterpillar 
repellant. 

Chemical Behavior of Aryl Halides. In comparison with the 
alkyl halides, the aryl halides are very unreactive; for example, 
they do not react with potassium cyanide, silver hydroxide, or, 
under the usual conditions employed in the laboratory, with 
sodium hydroxide or ammonia. When heated under pressure to 
200°-300° with these last two reagents and copper salts, the halo- 
gen atom may be replaced by the OH and NH 2 groups respec- 
tively. 

Aryl halides react with magnesium to form a Grignard reagent 
which is similar to the aliphatic Grignard reagents: 

dry 

C 6 H 5 Br + Mg — > CoHsMgBr. 

ether 

Aryl halides react with metallic sodium in the Wurtz-Fittig reac- 
tion considered in the last chapter. If no alkyl halide is employed 
two molecules of the aryl halide join together: 

C 6 H 6 Br + C 2 H 5 Br + 2Na — > C 6 H 5 C 2 H 5 + 2NaBr, 

ethylbenzene 

2 ) >Br + 2Na — <( / )> + 2NaBr. 

diphenyl 

It is interesting to recall that the halogen derivatives of un- 
saturated aliphatic hydrocarbons, such as vinyl bromide, 
CH 2 = CHBr, are also unreactive (p. 278) and, in this respect, 
resemble the aryl halides. A consideration of the formula for 
benzene suggests a reason for this striking analogy. A halogen 
atom directly attached to an unsaturated atom is unreactive ; the 
nuclear atoms in benzene are unsaturated (however, one chooses 
to write the benzene formula) and hence the aryl halides do not 
readily enter into metathetical reactions. 

Formation of Ortho, Meta, and Para Isomers. In the prepara- 
tion of the disubstitution products of benzene, three isomers are 
possible. For example, the further bromination of bromobenzene 
might yield the ortho or the meta or the para isomer. As a 
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matter of fact, the product is a mixture of the ortho and para 
compounds. On the other hand, the bromination of nitro- 
benzene, C 6 H 5 N0 2 , yields the meta bromonitrobenzene. Some 
rules for predicting the isomers are obviously needed. 

The Directive Influence of Substituents. An exhaustive study 
of the preparation of disubstituted benzenes has led to two impor- 
tant generalizations . These are subject to certain reservations 
but are nevertheless of great value as an approximate guide in 
predicting the course of substitution reactions. The first generali- 
zation is as follows: the position of the entering group is determined 
by the nature of the atom or group already present and is independent 
of the nature of the entering group. For example, the bromination 
of bromobenzene yields a mixture of the ortho and para com- 
pounds, and the nitration of bromobenzene proceeds in the same 
way: 


C 6 H 5 Br + Br 2 - 


C 6 H 5 Br -f HN0 3 - 
(H 2 SO 4 ) 


Br 

- C su + HBr, 

s, 

(ortho and para) 

Br 

• CeH f + H 2 0. 

\ro 2 

(ortho and para) 


On the other hand, the nitration of nitrobenzene yields only the 
meta compound, and similarly the bromination of nitrobenzene 
yields only meta bromonitrobenzene. 

Br 

C 6 H 5 N0 2 + Br 2 — > C 8 H 4 / + HBr, 

meta 

no 2 

C 6 H 5 N0 2 + HNOs — > C 6 hT + H 2 0. 

(H 2 S0 4 ) \ 

no 2 

meta 

Rules of Orientation. It will be seen from the above example 
that the directing influences of the bromine atom and the nitro 
group are different. One causes the formation of a mixture of 
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ortho and para isomers, the other only of the meta compound. 
It has been found that all the atoms or groups which are common 
substituents in the benzene ring may be divided into two cate- 
gories according to whether they have a directive influence like 
that of the bromine atom or like that of the nitro group. This is 
the second great generalization in regard to substitution in aro- 
matic compounds. 

A list of the groups is given below: 

Class I. (Directs the entering group into the ortho and para 
position.) Cl, — Br, —I, — CHa and other alkyl groups, 
— OH, — OCHs, — NH 2 (with one very important exception), 
-NHCOCH3, -N(CH 3 ) 2 , -CHaCOOH. 

Class II. (Directs the entering group into the meta position.) 
-SO 3 H, -N0 2 , -COOH, -COOCsHs, --CHO, — C = N, 
-COR, NW, -NK 3 +. 

Those atoms and groups in Class I are spoken of as ortho and 
para orienting atoms or groups; those in Class II as meta orienting 
groups. It will be convenient to remember that all those groups 
which contain a double linkage connected to the first atom fall in 
Class II as do those which carry a positive charge on the atom 
directly attached to the ring. In general, the introduction of a 
second substituent into a molecule is easier (• z.e ., proceeds more 
rapidly at a lower temperature) if the substituent already present 
belongs to Class I but more difficult when the substituent present 
is of Class II. 

Limitations of the Rules. Several important exceptions to 
these rules of orientation will be noted later, even in this ele- 
mentary presentation of the subject; if a greater number of aro- 
matic compounds were considered, the exceptions would be more 
numerous. Not only are there certain cases wdiere the facts are 
exactly contrary to the simple rules of orientation, but, in general, 
the rule only predicts the major product of the reaction . There is, 
almost always, at least a few per cent of the other isomers formed. 
In spite of these limitations, the rules of orientation are of invalu- 
able assistance in the practical matter of devising syntheses of 
aromatic compounds with several groups. We shall repeatedly 
refer to them. 

Factors Influencing the Proportions of Isomers. We have just seen that 
the major course of a substitution reaction is determined by the nature of the 
» group already attached to the ring. Relatively minor variations in the propor- 
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tions of the isomers, however, are affected by the nature of the entering group. 
For example, bromobenzene, on chlorination, bromination, and nitration yields 
predominantly a mixture of ortho and para isomers in each case as predicted 
by the general rules. The small amount of meta isomer produced varies, 
however, from a minimum of 0.3 per cent in the nitration to a maximum 
of 6 per cent in the chlorination (using iron as a catalyst). The varia- 
tions in the ratio of para to ortho isomer are shown by the following tabu- 
lation: 

Ratio of Para to Ortho Isomer Formed on Introducing a Second Group 

INTO BROMOBENZENE 

Second group : Br Cl N0 2 

Ratio of para to ortho isomer: 6.4 1.2 1.7 

The conditions under which the reaction is carried out also often have an 
important effect on the proportion of isomers. For example, the chlorination 
of chlorobenzene using aluminum chloride as a catalyst yields more than twice 
as much para as ortho compound (66 :30); with ferric chloride the two 
isomers are formed in more nearly equal amounts (55 : 40). The temperature 
may affect the relative amounts of isomers. This is particularly true of 
nitration and sulfonation. For example, the sulfonation of toluene at 0° 
yields the ortho and para isomers in approximately equal amounts with about 
4 per cent of the meta isomer; at 100°, the three toluene sulfonic acids are 
formed in the proportions 73 of para to 17 of ortho to 10 of meta. 

Introduction of a Third Substituent. The rules of orientation 
are not confined to the formation of disubstitution products. 
With certain qualifications they are also applicable to the pre- 
diction of the position taken by an entering group in the formation 
of higher substitution products. Experiment has shown that the 
effect of two or more groups may be predicted from a knowledge 
of the orienting influence of each group alone and an estimate of 
the relative orienting strength of the group. The common groups 
are usually given in the following order, the first having the strong- 
est influence: (A) Class I, OH and NH 2 > CH 3 CONH > Cl > 

I > Br > CH 3 ; (B) Class II, N0 2 > COOH. > S0 3 H. A few 
illustrations of the application of these principles will indicate 
the general idea. The extension of the principles to the many dif- 
ferent special cases that arise is an easy matter. If the orienting 
influences of both groups completely reinforce each other, the case 
is very simple. For example, two meta orienting groups in the 
meta position will cause the third substituent to take the 5 position. 
In such a case, the amount of the ortho isomer is very small indeed. 
A similar case is one in which an ortho and para orienting group is 
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para or ortho to a meta orienting group. Here again both influ- 
ences work for the substitution in the same positions. 

N0 2 ch 3 

— >0n° 2 Q 

N0 2 

Illustrations of complete reinforcing influence of 
both groups (the position of the entering 
group is shown by the arrow) . 

If the influence of the two groups is directed to different atoms 
then the possibility is present of forming a number of isomers. 
For example, in a molecule in which two similar groups (of either 
class) are in the ortho or para position to each other, the directive 
influences are such that every unoccupied position in the benzene 
nucleus may be substituted. However, experiments have borne 
out the fact that the position of the substitution is then deter- 
mined by the relative influence of the two groups. For example, 
in the nitration of ortho chlorotoluene the entering group takes 
the position para to the chlorine atom whose orienting influence is 
greater than the methyl group. 


CH 3 



position of 
entering group 

Aryl Sulfonic Acids 

Aryl Sulfonic Acids. One of the characteristic reactions of 
aromatic compounds mentioned in the previous chapter is sul- 
fonation. The product of this reaction is an aryl sulfonic acid, 
which is usually isolated as a salt. The aryl sulfonic acids are of 
great importance in the preparation of other compounds since the 
sulfonic acid group may be replaced by other groups. The sub 
fonic acid group is also often introduced into a molecule in order 
to make the compound soluble in water. The aryl sulfonic acids 
of low molecular weight and most of their salts are soluble in water. 
Even some aromatic hydrocarbons of very complex structure and 
high molecular weight may be changed into water-soluble products 
by the introduction of a number of sulfonic acid groups. 


CH 3 



t 
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Sulfonation of Aromatic Hydrocarbons. The sulfonation of 
benzene is typical of the procedure employed in the preparation of 
an aryl sulfonic acid and the isolation of the sodium salt. In the 
usual procedure benzene is agitated with a large excess of sulfuric 
acid kept somewhat above room temperature. 

0 -SO 2 OH 

+ h 2 o. 

benzene 
sulfonic 
acid 

The rate of the reaction depends on the concentration of the 
sulfuric acid and the temperature. The water formed in the 
process decreases the speed by diluting the acid. If sulfur tri- 
oxide is present (as is the case in fuming sulfuric acid), it unites 
with the water and keeps the reagent anhydrous throughout the 
reaction. The higher the temperature and the more sulfur 
trioxide in the acid, the more rapid is the sulfonation. One, two, 
or three sulfonic acid groups may be introduced into benzene 
depending on the conditions of the reaction. There is no diffi- 
culty in controlling the process so that either the mono- or the 
disulfonic acid is the sole product. 


S0 3 H S0 3 H 



meta benzene 
disulfonic acid 


The aryl sulfonic acids are non-volatile solids which are soluble 
in water and insoluble in most organic solvents. Because of this, 
the isolation of the sulfonic acids from the reaction mixture which 
contains a large amount of sulfuric acid requires a rather special 
method. Advantage is taken of the fact that the calcium, barium, 
or lead salts of sulfonic acids are soluble in water. Hence, the 
reaction mixture is. first diluted with water, neutralized with lime 
(a process known in industry as liming out), and filtered. The fil- 
trate of this mixture contains the calcium salt. The calcium salts 
of sulfonic acid are readily converted to sodium salts by treatment 
with sodium carbonate. In some cases the sodium salts of sulfonic 
acids may be precipitated by saturating the solution with sodium 
chloride. 
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Isolation and Properties of Free Sulfonic Acids. The free aromatic sul- 
fonic acids are rarely isolated, and are very little employed as such. They 
may be obtained from the calcium, barium, or lead salts by adding just the 
calculated quantity of sulfuric acid, filtering off the insoluble inorganic sulfate 
and concentrating the solution. They are solids usually crystallizing with 
water of crystallization and frequently are hygroscopic. They are very 
soluble in water and to a slight extent in some organic solvents. The sulfonic 
acids are as strong as the mineral acids. Benzene sulfonic acids and toluene 
sulfonic acids are sometimes employed as catalysts in reactions where a 
strong, non-volatile acid is required, as in the dehydration of alcohols to form 
olefins (p. 139). 

Reactions of Sulfonic Acids and Sulfonates. The sulfonic acid 
group may be replaced by the hydroxyl group, the nitrile group, 
or hydrogen. All these reactions are of importance in the prepara- 
tion of aromatic compounds. They are illustrated by the following 
equations: 

(a) Replacement by OH: 

C 6 H*S0 3 Na + 2NaOH — > C 6 H 6 ONa + Na 2 S0 3 4- H 2 0, 

molten 300° 

CeHsONa + H 2 SOj — >- CsHsOH + NaHSO,. 

phenol 

(b) Replacement by C=N: 

C 6 H 5 SO s Na + NaCN — > C 6 H 6 CN + Na 2 S0 3 . 

benzonitrile 

(c) Replacement by H: 

CsHsSOaH + H 2 0 — > C 6 Ho + H 2 S0 4 . 

on heating at about 150° 
with dilute acid 
under pressure 

The acid chlorides of the aryl sulfonic acids are formed by the 
action of the chlorides of phosphorus on the free acids or the 
sodium salts. 

CeHsSOsNa + PC1 5 — > C 6 H 5 S0 2 C1 + NaCl + POCl 3 . 

Aryl Sulfonamides. The action of ammonia on the aryl sul- 
fonyl chlorides yields the unsubstituted aryl sulfonamides. These 
are crystalline solids; benzene and toluene sulfonamides are 
somewhat soluble in organic solvents and in water. The para 
toluene sulfonamide, CH3C6H4SO2NH2, is a by-product of the 
manufacture of saccharin (p. 428 ). The sulfonamides which 
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contain a replaceable hydrogen atom dissolve in aqueous sodium 
hydroxide forming salts. 

C 6 H 5 S0 2 NH 2 + NaOH — > C 6 H 6 S0 2 NHNa + H 2 0. 

On acidifying, the sulfonamide is precipitated. The aryl sulfonyl 
group (e.g., C 6 H 5 S02 — ), is very acidic in its influence. The 
corresponding OH compounds (the sulfonic acids) are strong acids 
and the — NHR derivatives are strong enough acids to dissolve 
in aqueous sodium hydroxide. (It will be recalled that the 
amides of the organic acids were not acidic enough to manifest 
this property in aqueous solution, p. 151 .) 

The chlorosulfonamides are interesting compounds prepared by 
the action of sodium hypochlorite on the sulfonamides. 

CH 3 C 6 H 4 S 0 2 NH 2 + NaOCl — > CH 3 C 6 H 4 SO 2 NHCI + NaOH. 

They are crystalline solids which in w r ater solution slowly liberate 
hypochlorous acid. 

CH 3 C 6 H4S0 2 NHC1 + H 2 0 — ^ CH 3 C 6 H 4 S0 2 NH 2 + HOCL 

slowly 

For this reason they have been used as an effective antiseptic 
agent for wounds. Chloramine T is a sodium salt, CH3C6H4SO2- 
NClNa, and is soluble in water: dichloramine T is CH3C0H4SO2- 
NCI2, and is soluble in organic solvents. 

Benzene Sulfonyl Chloride as Reagent for Amines. Like other 
acid chlorides, the chlorides of the aryl sulfonic acids will react 
with water, alcohols, or amines. The reactions with benzene 
sulfonyl chloride are: 

C 6 H 5 S0 2 C1 + H 2 0 — ^ CsEUSOsH + HC1, 

C 6 H s S0 2 C1 + CH 3 OH — >- C 5 H 5 SO,OCH s + HCI, 

C6H 6 S0 2 CI + RNfi s — >- C 6 H 5 SO,NHR + HCI, 

GJLSOoCl + R,NII — > C 6 H t S0 2 NR 2 + HQ. 

The last two reactions are of importance as being the basis of 
the Hinsberg method of separating and characterizing amines. 
Obviously tertiary amines (R 3 N) can not react with the acid 
chloride. They may be separated by extraction or distillation 
after the primary and secondary amines have been converted 
into the substituted benzene sulfonamides, C6H 5 S0 2 NHR and 
C15H5SO2NR2. These two sulfonamides are readily separated by 
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treating with an excess of sodium hydroxide. The sulfonamide 
obtained from the primary amine has a hydrogen atom on the 
nitrogen; this hydrogen is sufficiently acidic, due to the influence 
of the sulfonyl group, to cause the compound to dissolve in sodium 
hydroxide. The other substance derived from the secondary 
amine contains no replaceable hydrogen, can not form a salt, and 
does not dissolve. 

C 6 H 6 S0 2 NR 2 ] NaOH 

— > C 6 H 5 S0 2 NR 2 + C 6 HsS0 2 NRNa, 

CeHsSCLNHRJ insoluble, soluble 

filter off 

HC1 

C 6 H 5 S0 2 NRNa — >- C G H 5 S0 2 NHR. 

The sulfonamides on boiling with 25 per cent hydrochloric acid 
are hydrolyzed regenerating the amines and sulfonic acid. Thus, 
after the two sulfonamides have been separated, as described, the 
amines are recovered by hydrolysis. 

H 2 0 

C 6 H 5 SO 2 NHR — > C 6 H 6 S0 3 H + rnh 2 

HC1 

H 2 0 

C6H5SO2NR2 — c 6 h 5 so 3 h + r 2 nh. 

HC1 

Structure of Sulfonyl Compounds. In the sulfonic acids, the sulfur atom 
is directly joined to carbon. The contrast between the sulfonic acids and the 
esters of sulfuric acid has been discussed in connection with the aliphatic 
sulfonic acids (p. 266). 

As in the case of the sulfoxides or sulfones (p. 268) the linkage between 
oxygen and sulfur in the sulfonic acids and their derivatives is sometimes 
indicated by a double bond. We have seen, however, that a consideration of 
the electronic valence formulas of these sulfur compounds shows, that this 
method of formulation is misleading. The electronic structures of a sulfonic 
acid, a sulfonyl chloride, and a sulfonamide are shown below: 

: 0 : : O : :0:H 

R : S : O :H R:S:C1: R:S:N:H 

: O : : O : :0: 

(The electronic structure of the aryl group R is not written except for the one 
link joining the carbon atom to the sulfur.) It is probably not worth while 
to try to represent the special sulfur to oxygen linkage in these compounds 
every time the formula is written. With suitable mental reservations, such 
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noncommittal formulas as CcHsSOsOH, C 0 H 5 SO 2 CI, and C 6 H 5 SO 2 NH 2 are 
convenient. 

Phenols 

The hydroxy derivatives of aromatic hydrocarbons which have 
the OH group directly attached to the ring are called phenols. 
Phenol, or carbolic acid, CeH 5 OH, is the most important repre- 
sentative of the class. It is a colorless, crystalline substance 
which melts at 41°. Small amounts of water dissolved in phenol 
lower the melting point below room temperature. 

The phenols which are derivatives of toluene are called cresols. 
The physical properties of these substances and phenol are listed 
below: 


Name 

Formula 

Boiling 

Point 

Melting 

Point 

Solubility Grams 
in 100 Grams 

OP H 2 O 

Phenol 

CcHsOH 

182° 

41° 

8 at 25° 
miscible at 68° 

o-Cresol 

CH 3 C 6 H 4 OH(o) 

191° 

31° 

3 at 35° 

m-Cresol 

CH 3 C 6 H 4 OH(m) 

203° 

10° 

2.4 at 25° 

p-Cresol 

CH 3 C 6 H 4 OH(;p) 

201° 

35° 

2.4 at 40° 


As would be expected, the introduction of one OH group has 
made the substances somewhat soluble in water. 

Reactions of Phenols. All the simple phenols (with the excep- 
tion of the nitrophenols) are very weak acids but are sufficiently 
acidic to dissolve in sodium hydroxide. 1 

CeHsOH + NaOH — > C 6 H 5 ONa + H 2 0. 

sodium phenolate 

They will not, however, dissolve in sodium bicarbonate solution, 
thus differing in general from organic acids which contain the 
carboxyl group. Since they are weaker acids than carbonic acid, 
the following reaction takes place when carbon dioxide is passed 
through a water solution of their salts: 

CgHsONa + C0 2 + H 2 0 — >• C 6 H 6 OH + NaHCO s . 

The hydroxyl group in phenols is very different from that in 
alcohols. The acyl derivatives (the esters) can not be made by 

1 The dissociation constant of phenol is'about 1.7 X 10" 10 . (Compare p. 84.) 
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direct esterification. They are prepared by the use of acid 
anhydrides. 

CeHsOH + (CILCOLO — CcHsOCOCH, + CH 3 COOH. 

acetyl phenol or 
phenyl acetate 

The aryl halides can not be readily prepared from phenols either 
by the action of the phosphorus trihalides or by the action of 
halogen acids. With phosphorus pentachloride or bromide, how- 
ever, phenols yield the corresponding halides, but in poor yields. 

In general, phenols are to be contrasted with alcohols and also 
with acids. They form a separate class by themselves and are 
most closely related to the enols (p. 232). If we compare the 
Kekule formula for phenol with the formula for an enol the analogy 
is evident; both compounds contain the grouping —C == C(OH) — . 
The hydroxyl group directly attached to an unsaturated carbon linkage 
is acidic. 

Phenol ethers are readily prepared by the action of an alkyl 
halide on the sodium salt of a phenol (sodium phenolate) : 

heated 

GeHsONa + C 2 H 5 Br — > C 6 H 6 OC 2 H 5 + NaBr. 

Dimethyl sulfate may be used in place of methyl iodide in the 
preparation of the methyl ethers. 

CeHeONa + (CH 3 ) 2 S 04 — ^ C 6 H 5 OCH 3 + CH 3 0S0 2 0Na. 

Phenols can be converted into the parent hydrocarbon by 
heating to a high temperature with zinc dust : 

heat 

C G H 5 OH + Zn — ^ C 6 H 6 + ZnO. 

When a solution of a phenol is treated with ferric chloride, an 
intense color is produced, which is blue, green, red, or violet depend- 
ing on the other groups in the molecule. 

Production of Phenol. For many years phenol was obtained 
solely from coal tar. In the refining of this substance, it is found 
in the “ middle oils,” and it is obtained from them by extraction 
with aqueous sodium hydroxide. During the World War enor- 
mous quantities of phenol were needed to make the explosive 
trinitrophenol (picric acid), and to meet this demand synthetic 
phenol was produced. This synthetic method involves the prepa- 
ration of sodium benzene sulfonate by the method previously 
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described (p. 348), This salt is then fused with sodium hydroxide, 
and sodium phenolate is formed. On dissolving the melt in water 
and acidifying phenol separates. It can then be purified by dis- 
tillation. (The equations for the reactions involved in this process 
are given on pages 348 and 349.) 

In more recent years the demand for an abundant and cheap 
supply of phenol became so great that a new method was worked 
out. In this process phenol is made from chlorobenzene. Chloro- 
benzene is heated with sodium hydroxide solution to a tempera- 
ture of 350°-380° under very high pressures. This is done in a 
continuous tubular system of copper; some diphenyl ether, 
CeHsOCsHs, must be added. Under these conditions the chlorine 
atom is replaced by ONa. 

Industrial Uses of Phenol. The increased demand for phenol is 
largely due to the growth of the synthetic resin industry. Syn- 
thetic resins are used in the manufacture of fountain pens, phono- 
graph records, pipe stems, and as an insulator in electrical equip- 
ment. “ Bakelite ” is a synthetic resin formed by the action of 
formaldehyde on phenol in the presence of ammonia. This indus- 
try requires not only large amounts of phenol but also of formalde- 
hyde (p. 128). Great quantities of phenol are also used in the 
manufacture of drugs, photographic developers, and dyes. Phenol 
itself is an excellent antiseptic, and dilute water solutions of it 
are widely used for this purpose (usually called carbolic acid). 
In 1924, 10,500,000 pounds of phenol were produced in the United 
States; in 1936, 49,000,000 pounds, of which about 90 per cent was 
prepared by synthetic methods. These figures indicate the indus- 
trial importance of the substance. 

Phenol Ethers. The preparation of phenol ethers by the 
alkylation of phenols has been just discussed. Diphenyl ether, 
CeHsOCeHs (b.p. 259°), can be prepared by heating phenol with a 
dehydrating agent such as zinc chloride or by the action of bromo- 
benzene on potassium phenolate. Finely divided metallic copper 
is an essential catalyst for this reaction: 

Cu 

CeHsOK + BrC 6 H 5 — > C 6 H 6 OC 6 H 5 . 

210 ° 

Diphenyl ether is a by-product of the industrial process for prepar- 
ing phenol from chlorobenzene. The amount formed in this 
process seems to indicate a state of equilibrium. Unless this 
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by-product is desired, diphenyl ether is added to each charge, thus 
avoiding the further formation of this compound. Diphenyl ether 
finds use as a high temperature heat transfer medium. 

The most important phenyl ethers are anisole, C 6 H 5 OCH 3 , 
a liquid which boils at 154°, and phenetole, CeHsOCoHs, which 
boils at 172°. They are neutral substances insoluble in water. 
When heated with aluminum chloride or boiled with hydrobromic 
or hydriodic acid, the phenol ethers are cleaved with the regenera- 
tion of the phenol : 

C 6 H 5 OCH 3 + HI — > CsHsOH + CH a I. 

Hydroxyl Derivatives of Alkyl Benzenes. The hydroxyl de- 
rivatives of toluene are the ere sols. Their physical properties are 
given in the table on page 352. 



ortho cresol meta cresol para eresol 

or or or 

2-hydroxytoluene 3-hydroxytoluene 4-hydroxytoluene 

They are recovered from coal tar and used as antiseptics and, to 
some extent, in the preparation of other aromatic compounds. 

Thymol and carvacrol are two hydroxyl derivatives of para 
cymene (p. 339) which occur in many essential oils. 

CH 3 

a* 

CH(CH 3 ) 2 

carvacrol 

Thymol melts at 51° and boils at 232°; carvacrol is a liquid at 
room temperature (m.p. +0.5) and boils at 237°. Both com- 
pounds resemble phenol in their chemical reactions. Thymol is 
used in medicinal preparations as an antiseptic. It is much less 
poisonous than phenol. 

Halogenated Phenols. The hydroxyl group in phenol orients 
ortho and para and also makes the replacement of the hydrogen 
atoms in those positions easier than in the parent hydrocarbon. 
Thus, if an aqueous solution of phenol is treated with bromine 


CHs 



thymol 
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water, a white precipitate is at once formed; this is an unstable 
compound, tribromophenolbromide, B^CeFM). On treating with 
sodium bisulfite solution, the extra halogen atom is removed and 
tribromophenoi is formed (m.p. 96°). This compound has the 
bromine atoms in the ortho and para positions. It is named as 2, 
4, 6-tribromophenol. This reaction is often used for the identifica- 
tion of phenol. 



Br 


QUESTIONS AND PROBLEMS 

1. Write the structural formulas of the substances you would expect to 
obtain by the nitration of: (a) nitrobenzene; (b) toluene; (c) C 6 H 5 COOH; 
(d) C G H 5 C1. What products would be obtained by the bromination of these 
same compounds? 

2. Write the electronic structure of the sodium salt of C 6 H 6 S02NHR. 

O 

\ 

Why is the structure C 6 Hs^S = NR for the negative ion in-correct? 

3. What two reactions of bromobenzene are similar to reactions of ethyl 
bromide? In what respects do these compounds differ? 

4. Compare the chemical properties of: (a) phenol and methyl alcohol; 
(b) CsHsONa and C 2 H 5 ONa (both are crystalline solids). 

5. Given a solution of phenol and caproic acid (CsHnCOOH) in benzene, 
devise a method of separating the mixture into its three components without 
distillation. (Both phenol and caproic acid are only slightly soluble in water.) 

6. What products (if any) would you expect if ortho cresol were treated 
with the following reagents: bromine water, a mixture of concentrated nitric 
and sulfuric acids, concentrated aqueous sodium hydroxide, glacial acetic 
acid and a very little sulfuric acid? 

7. What products would you expect to obtain by the nitration of the 
following compounds : ortho xylene, ortho dibromobenzene, para chloronitro- 
benzene? 

8. Write equations showing how you would separate a mixture of CH 3 NH 2 , 
(CH 3 ) 2 NH, (CH 3 ) 3 N and (CH 3 ) 4 NOH. 

9. Outline the steps in the preparation of chloramine T from coal tar. 
What products would you expect to obtain if an alkaline solution of this 
compound were warmed with acetone? 

10. By what reactions would you decide whether a substance was 
CH 3 C 6 H 4 OCH 3 (1, 4), C 2 H5 C c H 4 0 H (1, 4), or C 6 H 5 OC 2 H 5 ? Write equa- 
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tions showing how you would synthesize all three substances from coal tar and 
aliphatic compounds. 

11 . State with reactions how you would differentiate between C 6 H 5 OH 
and CH 3 (CH 2 ) 3 COOH; (C 6 H s ) 3 0 and C 6 H 5 OCH 3 ; C e H 5 CH 2 Cl and 
CH 3 C 6 H 4 CM, 4. 

12. A substance A having the empirical formula C 6 H 3 0C1 3 was found to be 
soluble in dilute alkali. When distilled with zinc dust it lost its oxygen and 
when treated with 1 mole of bromine only one product was formed, C 6 H 2 Cl s Br. 
What is the structure of A? 


CHAPTER XX 

AROMATIC NITRO COMPOUNDS, AMINES, AND 
DIAZONIUM SALTS 

The Nitration of Aromatic Compounds. The hydrogen atoms 
which are attached to the aromatic ring are readily replaced by 
the nitro group. This is one of the characteristic reactions of 
aromatic compounds. The nitration is usually carried out by 
treating the substance with a mixture of concentrated nitric and 
sulfuric acids. The sulfuric acid itself does not react, but by com- 
bining with the water present the nitric acid is made a more pow- 
erful nitrating agent. Some compounds like phenol are nitrated 
even by dilute nitric acid. 

The nitro compounds are quite distinct from the esters of nitrous 
acid. A comparison of the structural formulas of nitrobenzene 
(formed by the nitration of benzene), CeH 5 — NO 2 , and ethyl 
nitrite, C 2 H 5 — 0 — N = O, makes this evident. In the nitro 
compounds there is a carbon to nitrogen linkage. Unlike esters, 
nitro compounds are not hydrolyzed. 

Importance of Nitro Compounds. Aromatic nitro compounds 
are of importance because of their use as explosives, and because 
they may be readily reduced to the corresponding primary amines. 
These in turn are the starting points in the manufacture of many 
dyes. The presence of one or more nitro groups in an aromatic 
nucleus markedly influences the chemical properties of other 
atoms or groups in the molecule; this is particularly true if the 
groups are in the ortho and para positions. The nitro group is 
almost unique in the extent of this influence which it exerts. For 
this reason we shall often have occasion to refer to the peculiar 
properties of nitro phenols, nitro amines, and nitro halogen com- 
pounds. 

The Products of the Nitration of Benzene and Toluene. The 
chief products which may be obtained by the nitration of benzene 
and toluene are listed on the following page; they are all insol- 
uble in water. 
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Name 

Formula 

Boiling 

Point 

Melting 

Point 

Nitrobenzene 

c g h 5 no 2 

211° 

-f 6° 

ra-Dinitrobenzene 

CGH 4 (N0 2 ) 2 (m) 

302° 

90° 

o-Nitrotoluene 

CH 3 CgH 4 N0 2 (o) 

222° 

- 11° 

p-Nitro toluene 

CH 3 C 6 H 4 N0 2 (p) 

238° 

51° 

m-Nitro toluene (obtained in 
small amounts in the mono- 
nitration) 

CH 3 C 6 H 4 N0 2 (m) 

231° 

16° 

2, 4-Dinitro toluene 

CH 3 C„H 3 (N0 2 ), 

300° 

70° 

2, 4, 6-Trinitrotoluene (T.N.T.) 

CH 3 CoH 2 (N0 2 ) 3 

— 

81° 


Nitrobenzene is a slightly yellow liquid with a characteristic 
odor somewhat reminiscent of almonds. It is prepared on a very 
large scale chiefly for use in the preparation of aniline. The ni- 
tration of benzene is accomplished by agitating a mixture of the 
hydrocarbon with sulfuric and nitric acids. The product is in- 
soluble in the nitrating mixture and may be readily separated. It 
is purified by washing with water and then distilling. 

The introduction of a second nitro group into benzene is more 
difficult than the introduction of the first. This fact illustrates 
the general rule that the presence of a meta-orienting group makes 
substitution more difficult than in benzene itself. In order to 
prepare meta dinitrobenzene, a higher temperature is required 
and fuming nitric acid is employed. The introduction of a third 
nitro group into benzene is very difficult. 

Toluene may be nitrated in a step-wise manner to 2, 4, 6-tri- 
nitrotoluene: 


CH 3 CH 3 CH s 



ch 3 ch 3 



Since toluene contains the methyl group which orients ortho 
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and para, its nitration is more readily accomplished than that of 
benzene itself. This contrast is particularly evident in the forma- 
tion of the 2, 4, 6-trinitrotoluene without difficulty. The nitra- 
tion is carried out in three steps, each at a somewhat higher tem- 
perature. 

Aromatic Nitro Compounds as High Explosives. Trinitrotoluene, usually 
called T.N.T., was prepared in enormous quantities during the World War 
and was used in shells as a high explosive. It is relatively insensitive to shock 
and can, therefore, be used in filling projectiles which are fired from guns and 
which could not contain the more sensitive nitrates of cellulose (p. 318). It 
is detonated by means of a special charge called a booster, which is ignited by 
a time fuse or on impact. The explosion of aromatic nitro compounds, like 
that of glycerine trinitrate, is a rapid combustion in which the oxygen comes 
from within the molecule itself. Because the nitro groups supply this oxygen, 
the explosive force increases with the number of nitro groups. Although tri- 
nitrobenzene is an excellent explosive, it is so difficult to introduce the third 
nitro group into benzene that the manufacture is out of the question. A war 
explosive is made from benzene by first preparing phenol (p. 353), which is 
then nitrated to picric acid (P.A.). This differs from T.N.T. only in having 
an OH group in place of a methyl. 

Structure of Nitro Compounds. The fact that nitro compounds 
contain a nitrogen to carbon linkage is established by their reduc- 
tion to primary amines (RNH 2 ). The isomeric nitrites do not 
yield any reduction product in which a nitrogen atom is thus at- 
tached. The fact that nitro compounds are not hydrolyzed has 
already been emphasized. The carbon to nitrogen linkage in both 
the aliphatic and aromatic nitro compounds is firm. The only 
exception to this statement is the behavior of polynitro compounds 
which contain two nitro groups in the ortho or para position . In ~ 
such compounds one nitro group may he replaced by —OH, — NH 2 , 
or — OCHs by the vigorous action of sodium hydroxide, ammonia, 
or sodium methylate, respectively. These reactions are indicative 
of the peculiar effect of a nitro group on another atom or group in 
the ortho and para position, and are not to be regarded as typical 
of the usual aromatic nitro compounds. 

0 

It was at one time usu? 1 to write the nitro group as — N = O, but a consider- 
ation of the electronic formula shows that this formulation is misleading. 
The electronic equivalent of this structure would involve ten electrons in the 
outer shell of the nitrogen atom. This is extremely unlikely as we have em- 
phasized before; the problem is exactly the same as the one which arose in 
connection with the amine oxides (p. 167), sulfones (p. 268), and sulfonyl 
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compounds (p. 351). The correct electronic formula for a nitro compound 
RNO 2 is as follows: 


: O : 


R : N : : O 


0 

!! 

This may be written as R — N + — 0". There is no real distinction, of course, 
between the two oxygen atoms, and the nitro group, like the carboxyl ion 
exhibits resonance (p. 260). For most purposes the noncommittal formula, 
RNO 2 , is most useful. The electronic structure of the nitroso compound 
(p. 367) (R — N - O) corresponds to an orthodox double linkage: 

R : N : : 6 

the relation between a nitroso compound and a nitro compound is very similar 
to that between an amine and an amine oxide (p. 167). It is interesting that 
in both cases one oxygen atom can be removed by reducing agents, amine 
oxides yielding amines and nitro compounds, nitroso compounds. 

Nitrophenols 

Nitration of Phenol. The ortho and para nitrophenols may be 
prepared by the nitration of phenol with dilute nitric acid. The 
fact that dilute acid may be employed is another illustration of the 
accelerating influence of a group of Class I (p. 345) on substitution 
reactions. The isomers are separated by steam distillation. The 
ortho nitrophenol is volatile with steam and intensely yellow; it 
melts at 45°. The para nitrophenol melts at 114°. Further ni- 
tration of these isomers yields 2, 4-dinitrophenol, C 6 H 3 (OH) (N0 2 )2 
(m.p. 112°); and eventually 2, 4, 6-trinitrophenol, CeH 2 - 

(0H)(N0 2 )3 (m.p. 123°), picric acid (P.A.), an important 
high explosive. The nitrophenols are only slightly soluble in 
water. 

Picric Acid. In the industrial preparation of picric acid, phenol is dissolved 
in concentrated sulfuric acid and then treated with nitric acid, first at 0° and 
then 100°. The process probably involves first the formation of para phenol 
sulfonic acid, CeH^OEQSOsH, and then the replacement by the nitro group 
of both the sulfonic acid group and the ortho hydrogen atom, yielding 2, 4- 
dinitrophenol. The final nitration at 100° introduces the third nitro group. 

The solutions of picric acid are intensely yellow, and wool and silk may be 
dyed by immersion. The metallic salts of picric acid (the picrates) are sensi- 
tive explosives when dry and easily detonate when subjected to mechanical 
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shock. Picric acid itself, however, like T.N.T., is not sensitive and can be 
used in filling shells. Picric acid is often used in the laboratory in the isolation 
of bases since its salts with organic bases are often but slightly soluble and 
usually nicely crystalline. Picric acid forms loose molecular addition com- 
pounds with many aromatic hydrocarbons, particularly those containing a 
number of rings. These crystalline molecular compounds are sometimes use- 
ful in separating the complex aromatic hydrocarbons. 

The Acidic Properties of the Nitrophenols. The peculiar in- 
fluence of the nitro group is strikingly shown by a comparison of 
the acidic properties of phenol and its nitro derivatives. 

Phenol and most of its simple derivatives are such weak acids 
that they will not dissolve in sodium bicarbonate. 2, 4-Dinitro- 
phenol, however, will dissolve in an aqueous solution of this re- 
agent because it is as strong an acid as formic acid and readily 
replaces carbonic acid from its salts. Trinitrophenol (picric acid) 
is nearly as strong as' the mineral acids. The dissociation con- 
stants are as follows: 

Phenol 1.7 X 10 ~ 10 

p-Nitrophenol 6.4 X 10 “ 8 

2 , 4-Dinitrophenol 1.0 X 10 “ 4 

Picric acid 1.6 X 10 " 1 

The dissociation constants of carbonic acid are: H 2 C0 3 HCO 3 ” 4* H + , 

1 X 10 “ 7 and HC0 3 _ C0 3 “" -f H + , 5 X 10~ u (p. 84). Many phenols 

may be separated from acids and nitrophenols by the difference in solubility 
In sodium bicarbonate solution. The solubility of an acid In a given alkaline 
solution (with the formation of a salt) depends on two factors: ( 1 ) the strength 
of the acid group, and ( 2 ) the solubility. Phenols of high molecular weight 
are often only very slightly soluble and will not dissolve even in dilute sodium 
hydroxide. Similar considerations apply to acids. However, as a general 
rule, acids of low molecular weight may be extracted from an ether solution by 
sodium bicarbonate or sodium carbonate while phenols require sodium hy- 
droxide. The nitrophenols, however, are often extracted by sodium carbon- 
ate since they are stronger acids if the nitro groups are in the ortho or para 
position to the hydroxyl. Like the phenols, many highly enolic sub- 
stances are soluble in dilute sodium hydroxide and may be extracted by this 
reagent. 

Reactivity of Nitro Aryl Halides. We have just seen the marked 
effect of a nitro group in the ortho or para position on the acidity 
of a phenol. The nitro group modifies the molecule so that the 
hydroxyl group is more acidic. The influence of the nitro group 
is not confined to a hydroxyl group, but also extends to a halogen 
atom in the ortho or para position. In this case, the effect of the 
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nitro group is to make the halogen atom much more readily re- 
placed by such groups as OH, NH 2 , and OCH 3 . The simple aryl 
halides ( e.g CeHsCl), like the vinyl halides, are extremely un- 
reactive. The introduction of a nitro group in the ortho or 
para position, however, makes the halogen atom of an aryl 
halide sufficiently reactive so that it may be readily replaced 
by many groups. The effect is cumulative and the chlorine 
atom in 2, 4, 6-trinitrochlorobenzene (picryl chloride) is re- 
placed by hydroxyl when the compound is boiled merely with 
water: 

Cl OH 

“+ h 2 o — > 


o 2 n/\no 2 

J + HC1. 

no 2 



In the case of the mononitro compounds (ortho and para nitro- 
chlorobenzene) heating above 100° with sodium hydroxide is neces- 
sary to bring about a similar reaction. The nitro aryl halides (with 
the nitro groups ortho or para to the halogen atom) will also react 
with ammonia or sodium methylate, yielding an amine or a phenolic 
ether. As an illustration, the behavior of 2, 4-dinitrochloroben- 
zene may be cited: 


Cl 


W0 2 


+ nh 3 


nh 2 

heated /^NOg 


no 2 

Cl 


under ' 
pressure 


+ HCl, 


N0 2 


'iNOj 


+ NaOCHs 


OCH s 

heated 


no 2 


about \ / 

100 ° NO ; 


+ NaCl. 


Nitrophenols from Chlorobenzene. The enhanced reactivity 
of the halogen atom in certain of the nitro aryl halides is taken 
advantage of in the preparation of the nitrophenols. The direct 
nitration of phenol with the formation of the ortho and para de- 
rivatives is troublesome, because phenol is easily oxidized by nitric 
acid. This difficulty may be avoided by starting with chloro- 
benzene and proceeding to the nitrophenols through the nitro- 
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chlorobenzenes. The steps in the entire synthesis are as follows: 

HNOs NaOH 100° 

C«H S C1 — > CcH 4 CI(N0 2 ) — »■ no 2 c«h 4 oh. 

H2BO4 («“ and p-iaomers and subsequent 
~ ' separated) acidification 

Aromatic Amines 

Classification. The aromatic amines, like the aliphatic amines, 
are divided into three classes: (1) primary amines, (2) secondary 
amines, and (3) tertiary amines. As an example of each class 
we may mention: (1) aniline, C6H5NH2, (2) diphenyl amine, 
(CeHg^NH, and (3) triphenyl amine, (C 6 H 5 ) 3 N. Mixed ali- 
phatic-aromatic amines are also known; for example, mono- 
methylaniline, C 6 H 5 NHCH 3 , and dimethylaniline, C6H5N(CH 3 ) 2 . 
The primary aromatic amines and the mixed amines are usually 
weak bases which form salts with mineral acids; the secondary 
and tertiary aromatic amines are too weak to form salts which 
are stable in water solution. 

The primary amines are by far the most important since they 
may be readily prepared by reducing aromatic nitro compounds 
and can be converted into many useful products, particularly 
dyestuffs. Indeed, the name of the commonest primary amine, 
— aniline, — has become so associated with the synthetic dye in- 
dustry that the term “ aniline dyes ” is often used synonymously 
with “ coal tar dyes,” and covers many compounds which have no 
connection whatsoever with aniline. 

Physical Properties. The physical properties of some common 
aromatic amines are given below: 


Name 

Formula 

Boiling 

Point 

Melting 

Point 

Solubility Grams 
per 100 Grams 
of Water 

Aniline 

c 6 h 6 nh 2 

184° 

- 6° 

3.5 at 25° 

o-Toluidine 

CH 3 CeH 4 NH 2 

201 ° 

- 21° 

1.5 at 25° 

w-Toluidine 

CH s C 6 H 4 NH 2 

203° 

- 32° 

slightly soluble 

p-Toluidine 

ch 3 c«h 4 nh 2 

201° 

+ 44° 

0.730 at 21° 

Monomethylaniline 

CeHsNHCHa 

196° 

; ~ 57 ° 

very slightly 
soluble 

Dimethylaniline 

C 6 H 5 N(CH 3 ) 2 

194° 

! + 2° 

very slightly 
soluble 

Diphenyl amine 

(C 6 H s ) 2 NH -* 

302° 

53° 

insoluble 

Triphenyl amine 

' (C 6 H 6 ) 3 N 

365° 

127° 

insoluble 
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All the substances listed in the table except the last two are soluble 
in dilute hydrochloric or sulfuric acid because they form water- 
soluble salts with these acids. 

Preparation of Aniline, a Primary Amine. Aniline, CeHsNB^, 
is prepared by the reduction of nitrobenzene: 

C 6 H 6 N0 2 + 6[H] — > CeHsNHa + 2H 2 0. 

In the laboratory, tin and hydrochloric acid are usually employed; 
industrially, the cheaper scrap iron replaces the tin and only a 
little acid is employed. The industrial process, thus, is essentially 
the reduction of nitrobenzene by iron and water, the products 



Fig. 27. Diagram illustrating the essential equipment used in the industrial 
preparation of aniline. 

The nitrobenzene, water and a little acid are first introduced into the reaction 
vessel. Scrap iron is dropped in through a man-hole and the mixture stirred. 
After the reduction is complete, steam is introduced; the vapors are condensed 
and the distillate allowed to settle in tall tanks. The crude aniline is drawn off; 
the water goes to the steam generator. 

being aniline and ferric hydroxide; these are separated by steam 
distillation (Fig. 27). Nitro compounds are smoothly reduced 
to amines by catalytic hydrogenation. 

Aniline is also made commercially by heating chlorobenzene and 
ammonia at about 200° with a mixture of cuprous oxide and cu- 
prous chloride. The latter is a catalyst while the cuprous oxide 
participates in the reaction: 

C112CI2 

2C 6 H 5 C1 + 2NH 3 + Cu 2 0 — > 2C 6 H 6 NH 2 + Cu 2 Cl 2 + H 2 0. 
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The recovered cuprous chloride is treated with alkali to convert 
most of it to the oxide, and the mixture is then used for the next 
charge. 

The tolui dines, CH3C6H4NH2, are prepared by the nitration of 
toluene and the reduction of the products. Like aniline they are 
important dye intermediates. The ortho and para compounds 
are most readily obtained since the nitration of toluene yields 
chiefly the 0- and p-nitro toluenes. 

Monomethylaniline and Dimeth- 
ylaniline. These amines are formed 
when aniline is heated with methyl 
alcohol and hydrochloric acid under 
pressure. The apparatus in which 
such reactions are carried out under 
pressure is called an autoclave (Fig. 
28). The methyl alcohol and hy- 
drogen chloride first form methyl 
chloride which then reacts with the 
primary amine (p. 159), yielding the 
hydrochloride of monomethylani- 
line: 

C6H5NH2 + CH3CI — > 

C 6 H 6 NHCH 3 .HCL 

By varying the temperature and 
proportions of reacting materials 
either monomethylaniline or dimethylaniline may be prepared. 
Both are important substances in the manufacture of dyes. 

Aromatic Amines Are Weak Bases. The weak basic strength 
of aniline and its two derivatives is shown by the following basic 
dissociation constants: 

Aniline, Kb « 3,5 X 10~ 10 

Methylaniline, Kb “ 2.6 X 10~ 10 
Dimethylaniline, Kb — 2.4 X 10~ 10 

It will be recalled that ammonia has the value 2 X 10~ 5 and the 
aliphatic amines about 5 X 10“ 4 (p. 158). 

Reaction with Nitrous Acid. Primary, secondary, and tertiary 
amines differ in their reaction with nitrous acid. This may be 
illustrated by comparing the action of this reagent with aniline, 
monomethylaniline, and dimethylaniline. With the first, a water- 



Fig. 28. Autoclave employed 
in the industrial preparation of 
dimethylaniline. 
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soluble diazonium salt, Ce>H 5 N 2 Cl, is formed. This compound will 
be further considered shortly. 


C 6 H 6 NH 3 C1 + HN0 2 


■C c H 5 N' 

ill 

N 


Cl + 2H a O. 


With monomethylan iline, a yellow, oily nitroso compound is pro- 
duced: 


CcHeNHCBUHCl + HN0 2 - 


- Cr,H 5 NCK 3 -f HC1 + H 2 0. 
I 

NO 


This substance is so weak a base that it will not dissolve in aqueous 
acid solutions. When treated with alcoholic hydrogen chloride, 
the nitroso group migrates from the nitrogen to the para position 
of the nucleus. 

The para hydrogen atom in the nucleus of dimethylaniline is 
unusually reactive and is replaced by the nitroso group when the 
compound is treated with dilute nitrous acid. The product is 
the hydrochloride of j^-nitroso-dimethylaniline which is a yellow, 
crystalline solid. 

<( )>N(CH 3 ) 2 .HCI + HNO» — > ON<^ )»N(CH Z ) 2 .HC1 + H 2 0. 

The nitroso group, like the nitro group, profoundly effects an atom or 
group attached to the ortho or para position of the aromatic nucleus. For 
this reason, para nitrosodimethylaniline, on boiling with alkali, decomposes 
forming dimethyl amine and the salt of the corresponding hydroxyl compound 
(nitroso phenol) : 

ON<( )>N(CH 3 ) 2 + NaOH — > OK<( )>ONa + (CH 3 ) 2 NH. 

This is probably the best method of preparing pure dimethyl amine. 

Sulfanilic Acid. Aniline may be sulfonated, producing the para 
sulfonic acid. The amine is first neutralized with concentrated 
sulfuric acid, forming the solid aniline acid' sulfate, C6H5NH3SO4H. 
This, on baking in an oven at 200°, forms sulfanilic acid and water: 

C6H5NH3SO4H — >- KO£<( \NH 2 + H 2 0. 

200° N ^ 


Sulfanilic acid is a solid only slightly soluble in organic solvents 
and in water. It is non-volatile and has no definite melting point ; 
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in these respects it resembles an inorganic salt rather than an 
organic compound. It is soluble in sodium carbonate or sodium 
hydroxide, forming a sodium salt; acidification precipitates sulf- 
anilic acid again. It has such weak basic properties that it does 
not dissolve even in concentrated hydrochloric acid. 

Inner Salt Formula for Sulfanilic Acid. All the facts mentioned 
in the last paragraph are best represented by the so-called inner 
salt formula written below: 

NH 3 + nh 2 



inner salt 
formula 


This formula is written to indicate that an internal neutralization 
has occurred. In this process the acid hydrogen of the sulfonic 
acid group has added to the NH2 group. The “ linkage ” between 
the NH 3 + group and the S 0 3 ~ group is of the sort which we meet 
in inorganic salts such as sodium chloride and ammonium sulfate. 
This linkage we are quite certain is not a linkage in the sense of 
the ordinary valence formulas used in organic chemistry; it merely 
represents an electrical field between two charged atoms or mole- 
cules (see p. 163 ). 

In the case of the inner salts, we imagine that the positive and 
negative charges are localized on particular groups of the large 
molecule. The simple formula, NH2C6H4SO3H, is often written 
for sulfanilic acid, but the representation, NHs + C6H 4 S03~, is to 
be preferred. Inner salts differ from salts such as sodium 
chloride in that the positive and negative ions are not free to 
part company in solution. Inner salts are ionized but not dis- 
sociated. 

Nitration of Aniline. When aniline is nitrated in the usual way 
with a mixture of nitric and sulfuric acids there is a great deal of 
oxidation, but at a low temperature it is possible to obtain con- 
siderable amounts of the nitration product, which is meta nitro- 
aniline, Ce^NH^NC^). At first sight this might appear to be 
contrary to the rules of orientation. The explanation for the ap- 
parent anomaly is that aniline sulfate is the substance which is 
really nitrated in the acid mixture, and that the — NH 3 + group 
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directs the incoming group into the meta position: 

NH 3 S04H nh 2 
NaOH/\ 

~ > l^NOa 

Meta nitroaniline is also prepared from meta dinitrobenzene 
which in turn can be readily prepared by the nitration of benzene. 
The reduction of one nitro group only is accomplished by heating 
the dinitro compound with ammonium sulfide. This rather un- 
usual reagent is only effective in reducing groups which are very 
easily reduced. In the case at hand its action is confined to one 
nitro group: 

N0 2 NfU 

5. f) + **>• 

N0 2 (NH 4 ) 2 S 

The ortho and para nitroanilines (nitranilines) are prepared in- 
dustrially by an indirect method described on page 370. 

Tribromoaniline. Although the nitration of aniline appears 
abnormal, aniline is very similar to phenol in most substitution 
reactions. For example, on treating aniline with dilute bromine 
water a white precipitate of 2, 4, 6-tribromoaniline, Br 3 C 6 H 2 NH 2 , 
is at once formed. 

NH 2 

0J + 3Br 2 

Acetanilide, C6H 5 NHCOCH 3 , is the acetyl derivative of ani- 
line. It is a substance of considerable importance both as an 
intermediate in the preparation of organic compounds and as a 
drug. It is one of the oldest of the so-called coal tar medicinals. 
It has an effect on the human system which causes the lowering 
of the temperature of a patient suffering with fever. A substance 
which has this action is said to be an antipyretic or febrifuge. 
Acetanilide has been used less extensively in recent years for this 
purpose because more efficient and relatively less harmful drugs 
have been synthesized (e.g., phenaeetin, p. 394). 


NH 2 

| 3HBr. 

Br 



CsHeNHsSOJI + HNOs — 
(H 2 S0 4 ) 
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The usual method of preparing acetanilide is exactly analogous 
to the preparation of acetamide from ammonium acetate: 

CcH 5 NH 2 + CH 3 COOH — > C G H 6 NH 3 OCOCH 3 , 

100 °- 150 ° 

CcH 6 NH 3 OCOCH 3 — ^ C s H 6 NHCOCH 3 + H 2 0. 

It may also be prepared by the action of acetyl chloride or acetic 
anhydride on aniline: 

C 6 H s NH 2 + CH 3 COCL — > CsHsNHCOCHs + HC1, 

C 6 H 6 NH 2 -f (CH 3 C0) 2 0 — >C 6 H 5 NHCOCH 3 4- CHsCOOH. 

Acetanilide is a white crystalline solid which melts at 114°. It 
has no basic properties. In general, the acyl derivatives of the 
aromatic amines are crystalline solids which are easily purified. 
For this reason aromatic amines are often converted into their 
acyl compounds for purposes of identification. Organic acids 
may be identified by converting them into crystalline anilides by 
the reactions given above. 

Synthesis of Para Nitroaniline. Acetanilide when nitrated 
with a mixture of sulfuric and nitric acids gives a mixture of the 
ortho and para nitro compounds; under special conditions the 
para isomer is the chief product. This affords a very convenient 
method of preparing para nitroaniline (para nitraniline), which, 
as we have seen above, is not the product of the direct nitration 
of aniline under the usual conditions. Para nitroacetanilide on 
boiling with sodium hydroxide is hydrolyzed, forming -nitro- 
aniline and sodium acetate. The reaction is analogous to the hy- 
drolysis of amides and is a general one for all acyl derivatives of 
amines: 

boil 

0 2 NC 6 H 4 NHC0CH 3 + NaOH — > 0 2 NC 6 EUNH 2 + CHsCOONa. 

In the industrial preparation of para nitroaniline, the sodium 
acetate is converted into acetic acid which is used for preparing 
more acetanilide from aniline. Thus, the whole process may be 
considered as an indirect nitration of aniline; in order to get the 
proper orientation, a group is temporarily tied to the molecule 
and after it has served its purpose is removed. In this case the 
acetyl group also protects the molecule from the oxidation which 
occurs when aniline itself is nitrated. 
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Nitroanilines as Dye Intermediates. The nitroanilines are 
widely used in the dye industry; they are all solids insoluble in 
water but soluble in dilute mineral acids because of their weak 
basic properties. Their melting points are: ortho 72°, meta 112°, 
para 148°. 

Neutral Aromatic Amines. Diphenyl amine, (CeEWsNH, and 
triphenyl amine, (CeEWsN, are representatives of the aryl second- 
ary and tertiary amines. Diphenyl amine is prepared by heating 
an equimoiecular mixture of aniline and aniline hydrochloride in 
an autoclave at 200°-230°: 

C 6 H 5 NH 3 C1 + CeHsNHa — »- C 6 H 5 NHC e H 5 + NH 4 CL 

It is used in the manufacture of certain dyes and is frequently 
incorporated into nitrocellulose products in which it prevents 
spontaneous decomposition. The triphenyl amine is prepared by 
heating a mixture of diphenyl amine, iodobenzene, potassium 
carbonate, and copper powder. The catalytic effect of the copper 
is similar to its action in promoting the formation of diaryl ethers 
(p. 354). 

The most interesting fact about the di- and tri-aryl amines is 
the almost entire absence of basic properties. Thus, diphenyl 
amine is so weak a base that it will dissolve in only the most con- 
centrated acids. Triphenyl amine has no basic properties. We 
have pointed out earlier that the introduction of an acyl group into 
ammonia produced a neutral substance - — an amide (RCONH 2 ). 
We now see that two phenyl groups produce the same effect. If 
we were to examine the compound produced by the action of 
nitrous acid on monomethylaniline, C 6 H 5 N(NO)CH 3 (p. 367), we 
should find that this also was devoid of basic properties. The 
replacement of the hydrogen atom on the basic group by —NO 
destroys the basic properties of monomethylaniline. We thus 
recognize that certain groups, such as the acyl group, the phenyl 
group, and the nitroso group, markedly affect the basicity of the 
nitrogen atom when they are attached to it. The alkyl group, 
however, is essentially like hydrogen since the alkyl amines are 
bases of about the same strength as ammonia. 

Basicity of the Nitroanilines. In this connection, the behavior 
of the nitro derivatives of aniline is of interest. The introduction 
of a nitro group in the ortho or para position renders the compound 
less basic than aniline itself. The effect is particularly striking 
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in the case of 2, 4, 6-trinitroaniline, (NO^Ce^NKL, which has 
no basic properties at all. This compound is related to picric acid 
as acetamide is to acetic acid and is often called picramide. Like 
other amides, but unlike aryl amines, it can be hydrolyzed by 
boiling with sodium hydroxide; sodium picrate is the product. It 
should be carefully noted that the nitration of phenol makes 
it a stronger acid; the nitration of aniline makes it a weaker 
base . 

Negative Groups. A list of those groups which make ammonia 
less basic is useful in making approximate predictions as to the 
basic strength of organic amines. These groups are sometimes 
called negative groups and they are arranged below in what might 
be called an order of increasing negativity, the last group being 
the most effective : 

CeHff-; P-NO 2 C 6 H 4 -; CH 3 C0~;2,4(N0 2 ) 2 C 6 H3-*; (N0 2 ) 3 C 6 H2-~. 

> 

increasing negativity 

The other acyl groups such as propionyl and butyryl would be 
placed with the acetyl group. It will be noted that all these groups 
are unsaturated groups, and the unsaturation is at the point of 
attachment of the group. It must be borne in mind that all 
these groups exert their influence only if directly linked to 
the nitrogen atom. The peculiar indirect influence of the nitro 
group in aromatic compounds, which is transmitted through 
the ring, should not be confused with the direct effect of negative 
groups. 

The following table gives the basic dissociation constants of the —NH 2 
compounds which correspond to -the negative groups listed above. The 
right-hand side of the table lists the correspondingfOH compounds and their 
acid dissociation constants. 


Group 

Ammonia. 

Derivative 

Kb 

Water. 

Derivative 

Ka 

CeH 5 ~ 

CeHsNHs 

3.5X10-™ 

c 6 h 5 oh 

1.7X10-“ 

P-NO 2 QH 4 - 

p-N0 2 C6H 4 NH2 

1.0 X10” 12 

p-no 2 c 6 h 4 oh 

6.4X10"® 

CHaCO- 

ch 3 conh 2 

* 

CH 3 COOH 

1.8X10-5 

2,4(N0 2 ) 2 C 6 H 3 - 

(N0 2 ) 2 C 6 H 3 NH 2 

* 

(N0 2 )2C 6 H 3 0H 

1.0X10-5 

(N0 2 ) 3 C 6 H 2 - 

(N0 2 ) 3 C 6 H 2 NH 2 

* 

(N0 2 ) 3 C 6 H 2 0H 

1.6X10-5 


* Too weak to form salts in water solutions. The K B of CH3CONH2 has been estimated as 
1 X 10~ 16 ; that of (NOa^CsHaNEh as less than 10" 18 . 
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It will be recalled that water is a very weak acid (Ka — 1 X 10" 14 ) and 
ammonia a moderately strong base (Kb = 2 X 10” 5 ). Introducing the weakly 
negative phenyl group in place of one hydrogen atom of water makes a very 
weak acid, while introducing the strong negative group (N0 2 )*Ce®r- produces 
a strong acid. The effect on the basicity of ammonia is just the reverse; the 
more negative the group the less basic is the — NH 2 compound. A careful 
study of the table will show that the two effects of the negative groups are 
approximately the same numerically; thus, para nitroaniline is about 100 
times (10 2 ) as weak a base as aniline and para nitrophenol is about 100 times 
as strong an acid as phenol. 

Benzyl Amine. The aryl amines are usually considered to in- 
clude only those compounds in which one or more aryl groups are 
directly attached to the nitrogen atom. For this reason, benzyl 
amine, C6H5CH2NH2, is not classified as an aryl amine although 
it contains an aryl group. In fact, it has nothing in common with 
the aryl amines; its method of preparation and all its reactions are 
evidence of its close relationship to the aliphatic amines. For 
example, it may be prepared by the action of ammonia on benzyl 
chloride. On treating with nitrous acid it behaves like a typical 
aliphatic primary amine (p. 160) and not like aniline, — it does 
not form a diazonium salt but evolves nitrogen. Its basic strength 
(K b = 2X 10” 5 ) is not strikingly different from that of an ali- 
phatic primary amine (CH 3 NH 2 , K B = 50 X 10~ 6 ), which, it will 
be recalled, is much greater than that of the aryl amines (about 
10”~ 10 ). A comparison of benzyl amine and the isomeric toluidines 
(CH3C6H4NH2) is instructive, and, like the contrast between 
chlorotoluene and benzyl chloride (p. 434), illustrates that the 
characteristic peculiarities of aryl compounds are confined to those 
substances in which the functional group (or atom) is directly 
attached to the aromatic nucleus. 

Intermediate Reduction Products op Nitrobenzene 

The final reduction product of an aromatic nitro compound is a 
primary amine. Thus, as we have seen, the reduction of nitro- 
benzene with metals and acid yields aniline. By using less drastic 
reducing agents it is possible to isolate two substances inter- 
mediate between nitrobenzene and aniline; these are nitroso- 
benzene, C 6 H 5 NO, and phenylhydroxylamine, C 6 H 5 NHOH. (The 
name of the latter substance follows from its relation to hydroxyl- 
amine, NH2OH.) If the reduction of nitrobenzene is carried out 
in an alkaline solution, these two compounds condense and the 
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final products are either azoxybenzene, CqHsN = NCeHs, azo- 

0 

benzene, C 6 H 5 N — NCeHs, or hydrazobenzene, CeHsNHNHCeHs. 
As there is some interesting chemistry connected with each one 
of these substances, they warrant a brief consideration. 

Nitrosobenzene and Phenylhydroxylamine. By the action of 
zinc dust and water on nitrobenzene, one oxygen atom is removed 
and nitrosobenzene results. This latter compound, 

C 6 H 5 N0 2 + Zn — >- CeHgNO + ZnO 

very readily combines with two hydrogen atoms so that, unless; 
special precautions are taken, phenylhydroxylamine, CeHsNHOH,, 
is the final product: 

Zn 

C 0 H 5 N * 0 + 2[H] — > C 6 H 5 NHOH. 

H 2 0 

Phenylhydroxylamine can be oxidized to nitrosobenzene by the 
action of aqueous chromic acid, and this is perhaps the best method 
of preparing the nitroso compound: 


C 6 H 5 NHOH + [0] — > C 6 H 5 N = 0 + H 2 0. 
H 2 Cr0 4 


Phenylhydroxylamine undergoes a molecular rearrangement 
when treated with acids to give para aminophenol (p. 394). 


Nitrosobenzene is a colorless, crystalline solid which melts at 68 ° to a blue- 
green liquid. Solutions of nitrosobenzene are also colored. It has been 
shown that in this case and with other nitroso compounds a colorless, dimolec- 
ular form (two molecules associated together) exists as well as the colored 
simple molecule. The crystalline nitrosobenzene is probably entirely the 
dimolecular form. 

The nitroso group is very reactive, and nitroso compounds undergo con- 
densation reactions with many substances containing an “ active hydrogen ” 
attached to a carbon atom. Since para nitrosodimethylaniline (p. 367) is 
more readily prepared than nitrosobenzene, and is more stable, its condensation 
reactions are of more importance than those of the parent substance. As an 
illustration, the condensation with phenol jnay„be written; 


= i’o+i <( yo 

^-nitroaodimethylaniline 


(CH 3 ) 2 N<3>N =<Z> = O + HA 


an indophenoi 
(a dark blue solid) 
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Azoxybenzene and Azobenzene. The condensation of one 
molecule of nitrosobenzene and one molecule of phenylhydroxyl- 
amine produces azoxybenzene: 


c 6 H 6 N = ;o-f h;nCoH 5 . 
‘:h; 0 


c 6 h 5 n - nc 6 h 5 . 
0 

azoxybenzene 


As the isolation of each of the two reactants in the above equation 
is somewhat difficult, it is more convenient to prepare azoxy- 
benzene directly from nitrobenzene in one operation. By heating 
the nitro compound with potassium methylate (CH 3 OK), the 
reduction proceeds only as far as the nitroso and phenylhydroxyl- 
amiiie stage; these then condense rapidly in the alkaline medium, 
forming azoxybenzene. The potassium methylate is oxidized to 
potassium formate. Azoxybenzene is a bright yellow solid melt- 
ing at 36°. 

The oxygen atom of azoxybenzene is easily removed by heating 
the compound with iron filings and azobenzene, CeBUN = NC 6 H 5 , 
results. The more convenient and usual method of preparation 
of azobenzene is to reduce nitrobenzene with an alkaline solution 
of stannous chloride (sodium stannite). This reducing agent 
probably first forms azoxybenzene by the mechanism given above, 
and then reduces this substance to azobenzene. Azobenzene is 
a bright red solid (m.p. 67°). It is the parent substance of a large 
class of compounds, some of which are important dyes (p. 381). 
Compounds which contain the grouping — N = N — between two 
benzene nuclei are named as derivatives of azobenzene; almost 
none of them are prepared from the parent compound azobenzene, 
however, which is therefore of little importance. 

Hydrazobenzene. Azobenzene readily combines with two hy- 
drogen atoms when treated with reducing agents; the product is 
hydrazobenzene, CsHbNHNHCgHs. If vigorous reducing agents 
such as a metal-acid combination are employed, the hydrazoben- 
zene is further reduced to aniline. Thus the primary amine is the 
final reduction product even of the condensed molecules of the 
azoxybenzene series: 


2[H] 2[H] 

C 6 H 5 N - NCsHs — ^ CcH 5 NHNHC 6 H 5 — 2C 6 H 5 NH 2 . 

Zn and Zn and 

NaOH acid 
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Benzidine. When hydrazobenzene is treated with mineral 
acids, it undergoes a remarkable rearrangement The product is 
benzidine, a colorless solid melting at 128°: 



This diamino compound is a very valuable substance in the prepa- 
ration of certain dyes. It is prepared on a large scale by reducing 
nitrobenzene to hydrazobenzene by the action of zinc dust and 
aqueous sodium hydroxide. The hydrazobenzene when treated 
with acid rearranges to benzidine. 

Structure of Benzidine. The method of preparation of benzi- 
dine obviously tells us nothing about its structure. The presence 
of two primary amino groups is established by the formation of a 
di-diazonium salt with nitrous acid. On boiling this salt with 
alcohol, the N 2 C1 group is replaced by hydrogen (p. 458), and 
diphenyl, CeHsCeHs, is formed. This proves that benzidine is a 
diaminodiphenyl, but leaves the position of the groups still 
uncertain. The synthesis of benzidine from para chloronitro- 
benzene proves that it is 4, 4 / -diaminodiphenyl. This synthesis 
is not an industrial process; the steps are as follows: 


2Q 2 N<( )>C1 + 2Cu 



HsN<( )>— <( )>NH 2 . 


The Diamines 


The diamino derivatives of benzene are known as the phenylene 
diamines. The nomenclature is peculiar and is based on the 
concept of as a “ phenylene group ” analogous to CH 2 <^ 

the methylene group of the aliphatic series. The three isomeric 
phenylene diamines have the physical properties noted below: 


NH 2 



ortho phenylene 
diamine 
b.p. 252° 

m.p. 102° 


nh 2 

(3nh 2 

meta phenylene 
diamine 
b.p. 287° 
m.p. 62° 


nh« 



nh 2 

para phenylene 
diamine 
b.p. 267° 
m.p. 140° 
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All three substances are slightly soluble in cold water but soluble 
in warm water and a variety of organic solvents. They are easily 
oxidized, becoming darkly colored on standing in the air. They 
are weak bases of about the strength of aniline and will combine 
w r ith one or two molecules of an acid to form salts. They react 
with nitrous acid to form diazonium salts, which then imdergo 
condensation to complex compounds. For this reason the 
diamines are not used in the synthesis of other disubstituted 
benzenes. 

Industrial Preparation and Uses. The meta phenylene diamine 
is prepared by the complete reduction of meta dinitrobenzene, 
which, in turn, is prepared from benzene: 


C 6 H< 


no 2 

HN0 3 /\ [H] 

^IJncT^ 


nh 2 


;nh, 


The ortho and para phenylene diamines are prepared from the 
corresponding nitroanilines by reduction. The o- and p-nitro- 
anilines may be prepared by the method on page 370, or by treating 
ortho and para nitrochlorobenzenes with ammonia. 

Q 2 N<( )>NH 2 — > NHq/ )>nh 2 . 

The diamines are used in the preparation of a variety of dyes 
and are among the important dye intermediates. Not only the 
diamines themselves but also the dimethyl derivatives are used. 
The latter are prepared by the reduction of the corresponding * 
nitro or nitroso dimethylanilines. The para nitrosodimethyl- 
aniline is readily prepared from dimethylaniline (p. 367): 

(CHa) 2 N<( ^>NO — > (CH 3 ) 2 N<^ p>NH 2 . 


The Diazonium Salts 

Diazotization. The synthesis of aromatic compounds is greatly 
facilitated by the easy conversion of aromatic primary amines into 
diazonium salts. These compounds are very reactive, and from 
them many different types of products may be prepared. The 
process of converting the salt of a primary aromatic amine into 
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the diazonium salt is called diazotization. It is usually carried 
out by dissolving the amine in dilute aqueous acid and adding a 
solution of sodium nitrite. It is necessary to keep the tempera- 
ture low, as otherwise both the nitrous acid and the diazonium salt 
may decompose: 

CeHsNHsCl + HN0 2 — C 6 H 5 NC1 + 2H 2 0. 

Ill 

N 

The aqueous solutions of diazonium salts are usually so un- 
stable that it is not possible to obtain the solid salt by evaporation. 
Such crystalline salts, however, may be prepared by diazotization 
in glacial acetic acid and precipitation with ether, in which they 
are insoluble. In this case an organic ester of nitrous acid, such 
as butyl nitrite, is used instead of sodium nitrite: 

C 6 H & NH 3 C1 + C 4 H 9 ONO + CH 3 COOH — > 

C&H 5 N 2 CI + C 4 H 9 OCOCH 3 4 - 2H a O. 

The dry diazonium salts are easily detonated. 

Structure of Diazonium Salts. The diazonium salts may be 
represented as ArN 2 X, in which Ar is an aryl group, such as phenyl, 
and X, an acid group. In solution, they are dissociated into the 
ions ArN 2 + + X~. The formula CsHs — N — Cl is usually pre- 

, ill 

N 

ferred to C 6 H 5 N = N — Cl. The substance, CeHgNsCl, is called 
benzene diazonium chloride. The reactions of a diazonium salt 
are thus essentially the reactions of the diazonium ion. This ion 
is very unstable and reactive and undergoes varied transforma- 
tions which depend on the conditions. * 

The problem of the structure of the diazonium salts is the prob- 
lem of the position of the positive charge on the diazonium ion. 
In other words, the location of an electron is involved. The two 

-r * * + 

structures C 6 H 5 : N : : N : and C 6 H 5 : N : : N : clearly represent 
two resonating structures (p. 258). The ion is a resonating 
hybrid. 

Reactions of Diazonium Salts. The following reactions of 
diazonium salts are of great synthetic value. Although they will 
be illustrated by considering benzene diazonium chloride, it is im- 
portant to bear in mind that a diazonium salt from any primary 
aromatic amine will behave in the same manner. 
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(1) The Replacement of N 2 X by OH: 

This is brought about by merely warming an aqueous solution 
of the diazotized amine. The solution should be strongly acid 
to avoid; the coupling reaction between phenol and undecom- 
posed diazonium salt, a reaction which is discussed on the next 
page. 

C 6 H 6 N 2 C1 -f H 2 G — ^ CoH 5 OH + N 2 + HC1. 

(2) The Replacement of N 2 X by H: 

Some diazonium salts are converted to the corresponding hy- 
drocarbon by heating them with ethyl alcohol. 

heat 

CaH 5 N 2 Cl + C 0 H 5 OH — > C 6 H 6 + N 2 -f HC1 + CH 3 CHO. 

This method is not general since very frequently an ether is formed : 

C 6 H 5 N 2 C1 + C 2 H 5 OH — > C 6 H 6 QC 2 H 6 -f N 2 + HC1. 

With benzene diazonium chloride a mixture of the hydrocarbon 
and ether is formed. The course of the reaction of diazonium 
salts with alcohols depends largely on the nature of the alcohol, 
the diazonium salt, and on the conditions of experiment. 

Other reagents such as formic acid and sodium stannite (alka- 
line stannous chloride) are effective in replacing the N 2 X group 
by hydrogen. 

(3) The Replacement of N 2 X by Halogens: 

In this reaction the solution is kept as concentrated as possible 
and one mole of cuprous salt and a considerable amount of halogen 
acid are added. A complex compound between the cuprous 
salt and the diazonium salt is first formed and often precipi- 
tates. This slowly decomposes and yields the aryl halide and 
nitrogen : 

C 6 H 6 N 2 C1 + Cu 2 X 2 + HX — ^ CeHsX + N 2 + HC1 + Cu 2 X 2 . 

(where X - Cl or Br) 

The introduction of an iodine atom does not require the use of a 
cuprous salt. Hydrogen iodide or its salts may be used. 

(4) Replacement of N 2 X by CN: 

This reaction takes place when sodium cyanide and cuprous 
cyanide are used: 

C 6 H 5 N 2 C 1 + Cu 2 (CN ) 2 + NaCN — > C 6 H 5 CN + N 2 + NaCl + Cu 2 (CN) 2 . 
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The preceding two reactions are often called the Sandmeyer reac- 
tion. If finely divided copper is used as the catalyst, the reaction 
is known as the Gattermann reaction. 

Phenylhydrazine, C 6 H 3 NHNH 2 . When an aqueous solution 
of benzene diazonium chloride is reduced, the hydrochloride of 
phenylhydrazine is formed : 

C G H 5 N 2 C1 + [4H] — ^ CeHsNHNHsCl. 


Stannous chloride in hydrochloric acid or sodium sulfite are the 
usual reducing agents employed. The free base can be prepared 
from the salt in the usual manner. Phenylhydrazine may be con- 
sidered as the phenyl derivative of the inorganic base hydrazine, 
NH 2 NH 2 . It has been of great value in the laboratory because 
it reacts with ketones and aldehydes forming crystalline compounds 
called phenylhydrazones. These have proved very useful in the 
identification and isolation of ketones and aldehydes (p. 122). 
Indeed, the discovery of phenylhydrazine by Emil Fischer in 1875 
enabled him to make great advances in our knowledge of the 
carbohydrates (p. 303). 

The Coupling of Diazonium Salts. The usefulness of the 
diazonium salts is not exhausted with the replacement reactions 
we have just considered. This remarkable class of compounds is 
also the basis of one branch of the synthetic coal tar dye indus- 
try. The azo dyes (Chap. XXX) are all prepared by the so-called 
coupling of diazonium salts. This coupling reaction takes place 
when a phenol or aryl amine is treated with a diazonium salt solu- 
tion. Sodium acetate, sodium carbonate, or sodium hydroxide 
is added to make the mixture less acid: 


CcH 5 N 2 CI + <( )>OH + NaOH — > 

<( )>N = N<( )>OH + NaCl + H 2 0, 


CcHsNsCI + <3 n ( CH 3 ) 2 + CH 3 COONa — > 

<( )>N = N<( )>N(CH 3 ) 2 + CH 3 COOH + NaCl. 


It will be noted, in the examples given above, that the coupling 
reaction has taken place in the para position. The ortho and para 
hydrogen atoms in phenols and tertiary amines are reactive and, 
therefore, the process takes place with these compounds. Hydro- 
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i carbons with only a few exceptions will not couple with diazonium 

I salts. If a primary or secondary aryl amine is used, the coupling 

takes place on the nitrogen atom. 

C 6 H 5 N 2 C1 + CcH 5 NH 2 -f .CttCOONa — ^ 

C 6 H 5 N - NNHC 6 H 5 + NaCl + CH 3 COOH. 

On heating the resulting compound in weakly acid solution or 
with aniline hydrochloride, a rearrangement occurs, and a prod- 
uct is formed, CeH 5 N = NC 6 H 4 NH 2 , which corresponds to that 
; produced by direct para coupling in the case of the tertiary 

! amine. 

The mechanism of this process involves the hydrolysis of the diazoamino 
compound back to the diazonium salt and amine which then slowly couple the 
other way round. Thus: 

CcHsN = NNH<( )> + HX =?=£: CoHsNsX + NH 2 <( )> 

j C 6 H 5 N,X + <( ^>NH 2 — > CoH 5 N = N<( )NH, + HX. 

Ordinarily, the coupling of primary and secondary amines is 
j carried out in slightly acid medium. Under these conditions 

j direct para or ortho coupling occurs. 

Nomenclature of Azo Compounds. The substances produced 
by coupling a diazotized aryl amine and a phenol or tertiary amine 
are derivatives of azobenzene. Thus, the product of the inter- 
action of diazotized aniline and phenol is called £ -hydroxy azoben- 
zene; the compound from dimethyl aniline and benzene diazonium 
chloride is ^-dimethylaminoazobenzene. The compound first 
formed in the coupling of aniline and diazotized aniline, C 6 H5N 2 - 
NHCeHe, is known as diazoaminobenzene. In general, diazo 
compounds contain the grouping ArN = N — Z, where Ar is any 
aryl group and Z any group not linked through carbon to the nitro- 
gen. The azo compounds contain the group — N = N— with 
a carbon to nitrogen linkage on both sides as in azobenzene 
itself. 

Mechanism of Diazotizaf ion and Coupling. The process of diazotization 
{ may be better understood by comparing it with the action of nitrous acid on a 

„ secondary amine. In this case, it will be recalled, the one and only hydrogen 

atom of the amino group is replaced by a nitroso group. A similar compound 
(a nitrosamine) is probably first formed in the diazotization of a primary 
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amine, but an excess of mineral acid converts it at once into the diazonium 
salt. The reactions may be formulated thus : 


ArN : H + HO :JNT= 0 

H 


ArN - N - 0 + H+* 
H 


>ArN-N 

H 

nitrosamine 


n = o+h 2 o, 


;H 

; Arisr - N 
■ H 


N 

diazonium ion 


It is very difficult to prove that the reaction takes the course pictured above, 
but the nitrosamines, ArNHNO, can be prepared by the action of dilute alkali 
on the diazonium salts, followed by cautious acidification. Excess of mineral 
acid indeed does convert the nitrosamine into the diazonium salt so that a com- 
plete cycle may be carried out: 

OH“ 

ArN 2 + + (KOH) — > ArN = NO" + H 2 0, 

diazotate ion 
JJX T tautomeric 

ArN = NO” — > ArN = NOH — > ArNHNO, 

shift 

H!X 

ArNHNO — ^ ArN 2 + + H 2 0. . 

excess 

The diazotates are the salts of the unstable acid ArN = NOH; the salts 
are stable substances and are usually known in two forms. The existence of 
the two isomers has been explained on the basis of geometrical isomerism. 

The coupling reactions of the diazonium salts proceed through the formation 
of the compound ArN = NOH. Written as an ionic reaction, the equations 


OH- 

ArN 2 + ArN - NOH, 

(a resonating H + (small amounts) 
structure) (very 
fast) 


ArN - N : OH 4- 


i <3>N(CH 3 ) 2 — >- ArN = N<( )>N(CH 3 ) 2 + H 2 0. 


These equations enable one to picture more readily the formation of an 
azo compound from a diazonium salt. The diazonium ion predominates in 
the equilibrium in even neutral solutions' because of its relative stability due to 
the resonance energy. The function of the sodium acetate which must be 
added to bring about the coupling with amines or the alkali which must be 
present in the case of the phenols is readily explained. These inorganic 
reagents regulate the hydroxyl ion concentration of the aqueous solution, 
and thus provide a continually sufficient concentration of the reactive C 6 H 5 N = 
NOH. The less acid the solution the more rapid the coupling; at the acidity 
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of acetic acid (obtained by adding an excess of sodium acetate), the con- 
centration of the reactive ArN = NOIi must be very small, but this fact is 
counterbalanced by the great speed with which it reacts with the tertiary 
amine. 

QUESTIONS AND PROBLEMS 


1. Write structural formulas for: sulfanilic acid; diphenyl amine; 1, 2- 
dinitrobenzene; 3, 4, 6-trinitroaniline; p-nitrosophenol; phenylhydroxyl- 
amine; p-amino-azobenzene ; meta phenylene diamine. 

2. Outline the steps in the synthesis of the following from the coal tar 
crudes: acetanilide, a mixture of ortho and para toluidines, para nitrosodi- 
methylaniline, all three nitroanilines, para phenylene diamine. 

3. How would you distinguish between C 6 H 5 NHCH 3 and CH 3 <^ \nH 2 ? 

Between (CH 3 ) 2 NC 6 H 5 and (CH 3 ) 2 CeH 3 NH 2 ? 

4. In what respects is triphenyl amine different from triethyl amine? How 
is it prepared? 

5. How would you separate by chemical methods a mixture of picric acid, 
dinitrobenzene, and para toluidine? These substances are all crystalline 
solids soluble in organic solvents and only slightly soluble in pure water. 

6. In what respects are the nitrophenols, nitroaryl halides, and nitroanilines 
peculiar? 

7. Name and outline the syntheses of the following compounds: 

CH 3 <^>N = <3cH 5 , <^3 n = N<( )>NH 8 , 

CH 8 <^ )>N = N<( )>OH, q<( )>NHNH<( ^>C1, 


NO. 


<Z> - n O“' 


OH. 


8. Devise methods for preparing each of the substances listed in question 1. 

9. State clearly the experimental facts which establish that benzidine is a 
diamino derivative of diphenyl. 

10. Write equations illustrating the action of the following reagents on 
benzene diazonium chloride: ethyl alcohol, cuprous bromide and hydrobromic 
acid, cuprous cyanide and potassium cyanide, an alkaline solution of phenol. 

11* Predict the solubility in dilute hydrochloric acid of the following sub- 
stances which are insoluble in water: 

CoH 5 <( )>NH 2 , Br<( )>NHCH 8 , 

Br<( )>NHCOCH 3 , <( )>N(C,H e )NO, 

NO* 

NQ 2 <^~)>NHCH 3 , (C 6 H s ) 2 NCOCH 3 . 

N0 2 
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12. Compare the action of nitrous acid on: CH 3 NH 2 , C 6 H 5 NH 2 , C 6 H 5 - 
NHCHs, C 6 H 5 N(CH 3 ) 2 , CHsCON H 2 , and urea. 

13. Predict whether the following substances will be more or less basic 
than aniline: 


CHsCONHCl, CsHsNHCeHs, C 6 H 5 C0NH 2 , 



NHCOCHs 
N0 2 . 


no 2 


14. Predict the products of the following reactions: CH 3 C6H3(N0 2 ) 2 -1, 
2, 3 + NH 3 (high temperature); CH 3 C c H 3 N0 2 Cl-l, 3, 4 + CH 3 NH 2 ; 
C 6 H 4 {N0 2 ) 2 4, 4 + CH 3 NH 2 (high temperature). 


CHAPTER XXI 

POLYHYDROXY COMPOUNDS AND AMIN OPHEN OLS 

Polyhydroxy compounds and aminophenols are considered 
together in this chapter since in some of their reactions they are 
similar. They find wide use as photographic developers and as 
dye and drug intermediates. 

Polyhydroxy Compounds 

General Characteristics. The derivatives of benzene with two 
or more hydroxyl groups attached to the ring resemble phenol in 
their chemical behavior. They are very weak acids, and give a 
characteristic color with ferric chloride. As would be expected 
from the number of hydroxyl groups, they are readily soluble in 
water. The isomeric di- and trihydroxybenzenes are listed below 
together with their physical properties : 


Isomeric Di- and Trihydroxybenzenes 


Name 

Formula 

Boil- 

ing 

Point 

Melt- 

ing 

Point 

Solubility 
Grams per 100 
Grams of 
Water at 20 ° 

Pyrocateehol 

C 6 H 4 (OH) 2 (l,2) 

245° 

105° 

24 

(o-Dihy droxybenzene ) 
Resorcinol (Resorcin) 

CJEL<OH).<i, 3) 

277° 

110° 

147 

(m-Dihy droxybenzene ) 
Hydroquinone 

C«H 4 (OH) 2 (l, 4) 

286° 

171° 

6.5 

( p-Dihy droxybenzene ) 
Pyrogallol (1, 2, 3-Tri- 
hy droxybenzene ) 
Phloroglucinol (1, 3, 5-Tri- 

! C 6 H 3 (OH) 3 (l, 2, 3) 

309° 

134° 

60 

CcHaCOHMl, 3,5) 


219° 

very soluble 

hydroxy benzene ) 

1, 2, 4-Trihydroxy benzene 

CeHsCOHMl,^ 4) 


141° 

— 


Preparation of Hydroquinone. Hydroquinone, CeH 4 (OH )2 
(1, 4), is prepared by a very peculiar method. When aniline is 
oxidized with potassium dichromate and sulfuric acid, a yellow, 
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volatile solid, quinone or benzoquinone, C6H4O2, is formed. This 
compound on reduction with sulfur dioxide yields hydroquinone. 
In the preparation of hydroquinone on a large scale no effort is 
made to separate the intermediate compound; it is at once dis- 
tilled with steam from the reaction mixture and reduced with iron 
and acid. The hydroquinone is obtained as a crystalline mass on 
concentrating the solution. 

C 6 H 6 NH 2 + 2[0] — ^ C 6 H 4 0 2 + NH 3 , 

K 2 Cr 2 07 quinone 

C 6 H 4 0 2 + 2[H] 

Hydroquinone is a colorless, crystalline solid which melts at 
171° to a liquid which boils at 286°. It may be purified by crystal- 
lization or distillation under diminished pressure. It finds wide 
use as a photographic developer. 

Quinone (1, 4-Benzo quinone). If we examine the intermediate 
substance, quinone, we find that it is a yellow, crystalline solid 
(m.p. 116°) with a penetrating odor. It does not behave like an 
aromatic compound. On the contrary, it shows the typical 
reactions of an olefin hydrocarbon on the one hand and of an 
aliphatic ketone on the other. For example, it combines with four 
atoms of bromine to form a tetrabromide, and reacts with hydrox- 
ylamine forming a dioxime. Taking into account these facts 
and its easy conversion into para dihydroxybenzene (whose struc- 
ture is definitely established by other syntheses), we can write the 
following formula with considerable confidence. (The outline 
formula on the right is frequently employed.) 

0 
II 
C 

/*\ 

HC 6 2 CH 

11 II 

HC 5 aCH 

v 

II 
0 

It will be noted that in this compound the double linkages are 
indicated as being definitely in the 2, 3 and 5, 6 positions, and that, 
unlike benzene, and its derivatives, two of the six carbon atoms 


O 

II 

/\ 


Y 

o 
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are attached to a divalent atom (oxygen). Although quinone is 
formed by the oxidation of an aromatic compound and passes into 
a member of this class on reduction, it is itself not a typical aromatic 
substance . Quinone is an unsaturated, cyclic ketone, — an alicyclic 
compound. 

It will be noted that quinone contains a conjugated system of double 
linkages. Unlike benzene, however, the conjugated system is not complete 
and symmetrical, but has two oxygen atoms at the ends. In many of its 
reactions quinone is very similar to the a, jd-unsaturated ketones discussed 
in Chap. XYI. Carbonyl reagents react both normally with the carbonyl 
group (1, 2 addition) and also abnormally, yielding 1, 4 addition products, as 
in the case of the a, /3-unsaturated ketones (p. 292). The reaction of hydro- 
gen chloride and quinone is of the latter type; a chlorohydroquinone is the 
product. 



OH 


OH 


M 

addition 


C CH tautomeric JJQ CH 

J01 


mn | J/ 


shift 


V >&• 

K* 

(intermediate 

unknown) 


HQ 


CC1 


V 

in 

chloro- 

hydroquinone 


Quinhydrone. When hydroquinone and quinone are present in solution 
they form the very dark brown molecular compound, quinhydrone, 
CeH 4O 2 . CoH 4 (OH ) 2 » This may be obtained in greenish black crystals by 
evaporation of the solution. The compound is usually prepared by the partial 
oxidation of hydroquinone. In solution it is largely dissociated into its com- 
ponents, quinone and hydroquinone. The speed of the dissociation is so rapid 
that no characteristic reactions of quinhydrone are known; it behaves chemi- 
cally like a mixture of quinone and hydroquinone. The exact nature of the 
valence forces which hold the two molecules together in quinhydrone is 
unknown. Other so-called molecular compounds are known; for example, 
the addition compounds of picric acid and the aromatic hydrocarbons 
(p. 362). 


Reversibility of the Reduction of Quinone. The change from 
quinone to hydroquinone can easily be reversed in acid solution by 
treating hydroquinone with an oxidizing agent. The reduction of 
quinone to hydroquinone and the re-oxidation of the latter are 
extraordinarily rapid processes and are strictly reversible. This is 
one of the relatively few oxidation and reduction reactions of 




m 
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organic chemistry which is rapid and reversible like the oxidation 
and reduction of inorganic ions. 


2FeCl 3 + HO< )>0H 


0 



0 + 2FeCl 2 + 2HC1. 


If a platinum wire is dipped into a solution of quinone and hydroquinone 
in a conducting solvent (e.g., dilute acid), a definite electrical potential is 
developed on the wire. Such a system will serve as one half of an electric 
battery provided a conducting liquid connects it with another “ half cell ” 
(for example, a piece of zinc dipping in dilute acid). The potential of the 
inert electrode (platinum wire) is found to depend in a precise way on the 
relative amounts of quinone and hydroquinone in the solution. Other 
quinones (see below) and their corresponding hydroquinones, certain dyes and 
their reduction products, and a few other classes of organic compounds show 
this same behavior. Mixtures of reduced and oxidized inorganic ions (e.g., 
ferrous and ferric) usually develop a potential in the same way, but most com- 
binations of organic systems do not. The quinone-hydroquinone system is a 
representative of a special class in which there is an easily reversible oxidation- 
reduction relationship. 


Catalytic Oxidation of Benzene. When a mixture of benzene 
vapor and air is passed over certain metallic oxides heated to 
400°-500°, maleic anhydride is the chief product. As previously 
mentioned (p. 286), this is the modem industrial method of pre- 
paring these compounds. The reaction appears to proceed 
through the intermediate formation of benzoquinone, which is 
then further oxidized to maleic acid. Indeed, under certain 
conditions, benzoquinone can be isolated from the product. It has 
been known for a long time that with certain oxidizing agents 
benzoquinone is oxidized to maleic acid: 


0 


l + O: 


catalyst 


2 400 °- 500 ° 



+ 30 2 CHCO 

: — > li >0 + 2C0 2 -f H 2 0. 
catalyst CHCO 
400 - 500 ° 


Other Quinones. The substance referred to above as quinone 
is more correctly called 1, 4- or para benzoquinone. The nomen- 
clature shows that the oxygen atoms are in the 1, 4 or para position 
and that it is derived from benzene. One other benzoquinone is 
known; this is the 1, 2- or ortho benzoquinone, which is formed by 
oxidizing the corresponding dihydroxy compound. A great 
variety of substituted 1, 4 and 1, 2-benzoquinones are known, as 
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well as quinones related to other polycyclic aromatic hydrocarbons 
(p. 458). Chloranil or tetrachloro-para-benzoquinone (m.p. 290°) 
is a yellow solid formed by treating a great variety of organic 
compounds, such as aniline or phenol, with potassium chlorate and 
hydrochloric acid (a chlorinating and oxidizing mixture). 



Outline formula of 
1, 2-benzoquinone 


H 

/ c \ 

HC C = 0 

I I 

v° 

o 

H 

ortho or 1, 2-benzoquinone 



II 


o 

chloranil 


As might be expected meta quinones are unknown, since it is 
impossible to write a formula for such a compound without having 
free linkages or a bridge across the ring. The oxidation of meta 
hydroxy compounds proceeds readily, but yields complex prod- 
ucts. 

Tautomerism of Quinone Monoxime. The diketonic nature of 
quinone is demonstrated, among other reactions, by the formation 
of the dioxime, which behaves in every way as a ketonic oxime 
should. It is also possible to obtain a monoxime from quinone by 
the action of hydroxylamine. This substance would be expected 
to have the formula I, below\ It is identical, however, with the 
product obtained by the action of nitrous acid on phenol or by the 
decomposition of nitrosodimethylaniline (p. 367). Judged by this 
method of formation, it should have formula II. It is evident 
that we are here dealing with a tautomeric substance as in the 
case of cyanic acid (p. 253). 




N 1 


quinone monoxime formula 

I 


nitrosophenol formula 

II 


Whether the one substance which is known is to be represented by 
formula I or II is still uncertain; it is usually called p-nitroso- 
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phenol, although the name quinone monoxime is also employed. 
It is a light yellow, crystalline compound melting at 126°. It dis- 
solves in organic solvents with a greenish color. It is a weak acid, 
and therefore readily dissolves in aqueous alkali, forming a brown 
solution of the sodium salt. 

Preparation of Resorcinol, C6H 4 (OH) 2 -l, 3, is prepared indus- 
trially by alkaline fusion of the corresponding disulfonic acid. 
Starting with benzene, the steps involved are the following: 


SO s H 


C 6 H 6 


H 2 S0 4 ( 

'(SO) 


NaOH 
;S0 3 H fuse 


(isolated as 
sodium salt) 


ONa OH 


'j acidify and 
/ONa extract 



It is also prepared by the fusion of meta bromobenzenesulfonic 
acid. 

It is a peculiar fact that ortho and para bromosulfonic acids and 
para benzenedisulfonic acid on fusion with alkali yield resorcinol. 
Obviously, at the high temperatures of fusion, a rearrangement 
occurs. This fact is significant, since it demonstrates that fusion 
reactions are often unreliable in determining the structure of 
aromatic compounds. 

Hexylresorcinol, CcHsfOHUCHsC^C^C&C^CHs (1, 3, 4), (the 
numbers refer to the positions of the groups), is a derivative of resorcinol which 
has been found to have valuable antiseptic properties, and is now manu- 
factured for this purpose. 

PyrocatechoL The ortho dihydroxybenzene, C 6 H 4 (OH )2 (1,2), 
is known as pyrocatechol or catechol. It can be prepared from 
ortho chlorophenol by hydrolysis of the compound in an aqueous 
solution of sodium and strontium hydroxides in the presence of 
copper. It is easily oxidized in alkaline solution, yielding complex 
products. When oxidized w r ith silver oxide under special condi- 
tions pyrocatechol yields ortho benzoquinone. 

The pyrocatechol grouping occurs in a great variety of natural 
products; sometimes with both phenolic groups free, sometimes 
partially methylated, and sometimes combined with a methylene 
group. A number of such natural products, including the sub- 
stance lignin present in wood, will be discussed in the following 
chapters. 
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Guaiacol, CgH 4(0CH 3 ) (OH) (1, 2), is the monomethyl ether of catechol. 
It was first obtained by the destructive distillation of gum guaiaeum (a 
resin), and occurs in large quantities in wood tar. It can be synthesized from 
phenol or benzene by a variety of processes. Guaiacol is a low-melting, color- 
less solid (m.p. 28°) with a characteristic, pleasant odor. It is used in medicine 
and pharmaceutical preparations. It can be converted into catechol by boil- 
ing with hydrobromic or hydriodic acid. 

Pyrogallol from Gallic Acid. Pyrogallol, or pyrogallic acid, 
C 6 H 3 (OH) 3 (1, 2, 3), is one of the few aromatic compounds which 
is not prepared from coal tar . It has been synthesized from benzene 
in the laboratory, but the process is too difficult and expensive to 
be used industrially. Gallic acid, C 6 H 2 (OH) 3 COOH, is a sub- 
stance which is readily prepared on a large scale from tannic acid 
(p. 424). On heating, gallic acid loses carbon dioxide and forms 
pyrogallol: 


OH OH 



This trihydroxybenzene thus owes its importance to the fact 
that it can be readily obtained from a natural product (tannic 
acid). It is used as a developing agent and as a dye intermediate. 
Its alkaline solutions are very easily oxidized even by atmospheric 
oxygen. They are often used as an absorbent for oxygen in gas 
analysis. 

Phloroglucinol. Symmetrical trihydroxybenzene, C 6 H 3 (OH) 3 -l, 
3, 5, is called phloroglucinol. It may be prepared by the fusion of 
the sodium salt of 1, 3, 5-benzene trisulfonic acid with sodium 
hydroxide. It is also prepared by fusing resorcinol with sodium 
hydroxide in air. In this reaction oxygen of the air is involved: 


OH ONa OH 



phloroglucinol 


Phloroglucinol is a tautomeric substance; some of its reactions 
correspond to those expected from a trihydroxybenzene, while 
others indicate that it is a cyclic triketone. Por example, when 
treated with diazomethane (p. 248), it forms a trimethyl ether; 
such a reaction is characteristic of the phenols. On the other 
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hand, when treated with hydroxylamine it forms a trioxime. 
This latter reaction would seem to indicate that phloroglucinol 
was to be represented by formula II instead of I: 



H 

I 

trihydroxy formula of 
phloroglucinol 


0 = 


O 

II 

/ c \ 

HoC CH 2 

I I 

= C C = 0 

\r 
h 2 
ii 


triketo formula of 
phloroglucinol 

NOH 



trimethyl ether of phloro- 
glucinol; derived from 
phenolic form 


H : 


C 
I 


ch 2 


HON = C C = NOH 

V 

H 2 

trioxime of phloro- 
glucinol; derived from 
ketonic form 


An inspection of the two tautomeric formulas I and II shows 
that I is the enolic form of II. We are evidently here concerned 
with a case of keto-enol tautomerism discussed in Chap. XIII. 
No one has yet succeeded, however, in isolating isomeric forms of 
phloroglucinol corresponding to the two formulas. In solution or 
in the molten state both forms are probably present in equilibrium. 
There is no clear evidence to enable us to decide whether the solid 
is to be represented by formula I or II. 

It is particularly interesting that the tautomeric shift of phloro- 
glucinol involves the change from an aromatic structure to an 
alicyclic structure. This was also the case in the tautomerism of 
nitrosophenol (quinone monoxime). It is evident that in some 
instances, the distinction between aromatic compounds and alicy- 
clic compounds may be bridged by a shift of one or more hydrogen 
atoms. The hydroxy derivatives of benzene are thus to be re- 
garded as the enolic form of certain alicyclic ketones. In the case 
of the monohydroxy compounds ( e.g phenol), there is no evidence 
of the existence of any of the ketonic forms. Phenol, for example, 
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does not form an oxime when treated with hydroxylamine. One 
of the most striking characteristics of aromatic compounds is 
that the hydroxyl derivatives are stable in the enolic form. 


OH 

I 

HC^ \)H 


HC CH 

V 

H 

phenol 


o 

il 

c 


HC^ \lH 2 
II I 

HC CH 


O 

II 

c 

HC^ \)H 
II II 

HC CH 


V V 

H H 2 

hypothetical ketonic forms of phenol 


The alkylation of the potassium salt of phloroglucinol with methyl iodide 
takes place in somewhat the same manner as the alkylation of acetoacetic 
ester or malonic ester. The alkyl group becomes attached to carbon instead 
of oxygen. In this way a hexamethyl derivative of formula II can be prepared. 

Polyhydroxy Aromatic Compounds in Nature. The hydroxy 
derivatives of benzene are widely distributed in the plant world, 
often as glycosides (p. 307) in which the phenolic group is attached 
to a glucose or other sugar molecule. A number of more or less 
complicated substances derived from the polyhydroxy compounds 
are found in the tannins (p. 425). Pyrocatechol, hydroquinone, 
and phloroglucinol have been isolated as glucosides from many 
species of plants. The glucoside of hydroquinone, known as 
arbutin, and is very common in the plant kingdom. 

Aminophenols 

The aminophenols are both aryl amines and phenols and give 
the characteristic reactions of both classes of substances. They 
are amphoteric like aluminum hydroxide, forming salts with both 
acids and bases . These salts are more soluble in water than the 
substances themselves: 

HC1 HC1 

NaOC 6 H4NH 2 HOCeH 4 NH 2 ^=±1 HOC 6 H 4 NH 2 .HCI. 

soluble NaOH ■ only NaOH soluble 

slightly soluble 

The solutions of the sodium salts are easily oxidized and are, 
therefore, not readily kept without change. The melting points 
of the three isomeric phenols are: ortho 170°, meta 123°, para 
184°. 
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The Preparation of Para Aminophenol. This compound is im- 
portant not only as a photographic developer but also as a dye in- 
termediate, and is used in the synthesis of several drugs. There are 
a number of methods of preparing para aminophenol ; the one most 
commonly employed is the reduction of para nitrophenol (p. 361). 

N0 2 C 6 H 4 0H + 6[H] — > NH 2 C 6 H 4 OH + 2H 2 0. 

One fairly important drug is a d erivative of p-aminophenol. 
This is phenacetin, CH 3 CONH< ( ^ >OG>H 5 . It is an antipyretic 
superior in its action to acetanilide ; the close relationship of the 
two compounds is evident. Phenacetin may be prepared from p-am- 
inophenol by ethylating the sodium salt with ethyl chloride and then 
acetylating the para ethoxy aniline (phenetidine) thus produced. 

Meta Aminophenol. This compound is not used as a photo- 
graphic developer but is a dye intermediate. Its preparation 
illustrates the general methods of obtaining meta compounds. 
The nitro group orients meta; therefore, if we introduce another 
substituent directly into nitrobenzene, a meta compound will be 
the product. On reduction we will then have a meta amino com- 
pound. Metanilic acid, HO 3 SC 6 H 4 NH 2 (an isomer of sulfanilic 
acid), is prepared in this way: 


no 2 nh 3 + 



The sodium salt of metanilic acid on fusion with sodium hydroxide 
and subsequent acidification of the reaction mixture, yields meta 
aminophenol: 


NH2 fusion 

O witli 
NaOH 

SOsNa Jand". 

acidification 


nh 2 



Another method of preparing meta aminophenol is from meta 
nitroaniline (p. 369). The amino group may be replaced by 
hydroxyl through the formation of the diazonium salt (p. 379). 
The meta nitrophenol is then reduced to the meta aminophenol. 

N0 2 no 2 no 2 nh 2 



JOH 


>OH. 
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Quinonimine, When para aminophenol is carefully oxidized 
by silver oxide, it loses two hydrogen atoms to form quinoni- 
mine: 

HoQkH, + AgjO — v O =< ^ ==S > =NH + H 2 0 + 2Ag 

Like quinone-hydroquinone, quinonimine-aminophenol forms 
a reversible oxidation reduction system. Quinonimine is, how- 
ever, very unstable. In the presence of dilute acids, it rapidly 
forms 1, 4-benzoquinone: 

0=< f === '> =NH^$ 0 = <3>=0 + NH 3 

Photographic Developers. A number of aminophenols and 
polyhydroxy derivatives of benzene are used as photographic 
developers. All these compounds are easily oxidized in alkaline 
solution. Therefore, their alkaline solutions are reducing agents 
and slowly reduce silver halide to metallic silver. This is the 
fundamental reaction involved in the development of a photo- 
graphic plate, and these organic reducing agents are used widely 
as photographic developers. It is impossible to write equations 
representing the organic chemistry of this process as the oxidation 
products are complicated and numerous. In general, however, 
it may be noted that all the organic developers have tv r o OH 


Photographic Developing Agents 


Scientific Name 

Formula 

Trade Name 

p - Aminophenol hydrochloride 

hoc 6 h 4 nh 2 .hci 

Rodinal 

p-Methylaminophenol sulfate 

HOCcHsNHCHa. H 2 S0 4 

Metol 

2, 4-Diaminophenol hydrochloride 

H0C 6 H 3 (NH 2 ) 2 ,HC1 

Amidol 

p-Aminosaligenin hydrochloride 

HOC 6 H 3 (CH 2 OH)NH 2 .- 

Edinol 


HC1 



o-Methylaminophenol 

H0C 6 H 4 NHCH 3 .HC1 

Ortol 

Sodium l-ammo-2-naphthol-6- 


nh 2 


sulfonate 

Na0 3 S 

err 

Eikonogen 

Hydroquinone 

HOC 6 H 4 OH 

HOC 6 H 3 (OH) 2 

Hydroquinone 

Pyrogallol 

Pyro 
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groups, or an OH and an NH 2 group in the ortho or para position 
of the benzene ring. As we have seen such compounds can lose 
a pair of hydrogen atoms and change into a quinoid form. Un- 
doubtedly, the first step in the developing process is a dehydro- 
genation of the developer. We may write a somewhat hypotheti- 
cal equation for the first step as follows: 

OH — ~ O -f* 2Ag + 2HBr. 

Some of the organic substances which are used as develop- 
ers are given on p. 395. A few of these have already been 
discussed. 



Aromatic Syntheses 

Having now considered a variety of classes of aromatic com- 
pounds and surveyed the more important synthetic methods, we 
are in a position to apply this knowledge to new problems. We 
shall illustrate such applications by outlining the synthesis of a few 
compounds. In working out synthetic problems in this branch of 
organic chemistry, the same general principles apply as in aliphatic 
chemistry (Chap. VII, p. 141). The chemist must have a knowl- 
edge of the various types of compounds and the more important 
general methods of synthesizing each. In aromatic chemistry, 
particular care must be taken to insure that the proposed method 
will place the groups in the proper positions of the ring. The 
rules of orientation are here invaluable. The fundamental raw 
material is always coal tar; from this the coal tar crudes, — 
benzene, toluene, the xylenes, phenol, naphthalene, and anthracene, 
— can be isolated. 

We may divide the syntheses into two groups according to 
whether (1) an ortho or a para compound is desired or (2) a meta 
compound is the goal. It will be seen from the examples below 
that even the synthesis of rather unusual derivatives of benzene 
is eventually based on a few well-known intermediates which are 
different in the two cases. As in aliphatic chemistry, one should 
endeavor to master the general principles and not attempt to 
commit the steps to memory. Each new problem should be 
solved by working out each step in the process beginning with the 
last step. 
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Examples of the Synthesis of a Para Compound 

The Preparation of Para Iodophenol from Benzene. In out- 
lining a solution of this problem, it is first recalled that an iodine 
atom can not usually be directly introduced into the benzene ring; 
the diazonium replacement reaction, however, can be employed 
(p. 379). This requires a primary amine which in turn is pre- 
pared from a nitro compound. The hydroxyl group orients ortho 
and para, and, therefore, direct nitration puts the second group in 
the desired position. 

HN0 3 

C 6 Hc — > C 6 H 5 C1 — C 6 H 5 OH — > C 6 H 4 0H(N0 2 > (isomers separated) 

[H] HN0 2 

— HOC 6 H 4 NH 2 (I, 4) — >■ HOCCH 4 N 2 CI (1, 4) 

HC1 j HI 

HOCcHJ (1,4) 

The relative position of two or more groups should always be 
shown in each step either by numbers in parenthesis or, better, by 
writing the hexagonal formula. 

The Preparation of Para Di-iodobenzene from Benzene. This 
problem is very similar to the first except that para nitroaniline 
is prepared (p. 370) instead of para nitrophenol. The diazotiza- 
tion of this amine and the replacement reaction yield para nitro- 
iodobenzene. From this point the synthesis is identical with the 
one just outlined. Para nitroiodobenzene could also be formed 
by direct nitration of iodobenzene which in turn is prepared from 
aniline through the Sandmeyer reaction or by the action of nitric 
acid and iodine on benzene (p. 342). Di-iodobenzene can not be 
prepared from C^H^iNlh)^ (see p. 377). 

Examples of Meta Syntheses 

Meta Nitroaniline and Meta Aminophenol. These compounds 
are the basis of the synthesis of many meta compounds. The 
first is prepared either by the nitration of aniline (p. 369) or 
more usually by the partial reduction of meta dinitrobenzene. 
The reduction of one nitro group of the dinitro compound is 
accomplished by using ammonium sulfide (p. 369). Two methods 
of preparing meta aminophenol have already been considered 
(p. 394). 
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The Preparation of Meta Iodophenol from Benzene. The steps 
in the solution of this problem are as follows : 

HN0 3 

c 6 h 6 — 3* C 6 H 5 N0 2 

H 2 SO 4 \ ran 

hno 2 hno 3 x L±1J 

C 6 H 4 (N0 2 )N 2 C1 — CcH 4 (N0 2 )NH 2 < — CgH 3 NH 2 

(1,3) HC1 (1,3) H 2 SO 4 

boil with 

v H 2 0 

[H] 

C 6 H 4 (N0 2 )0H (1, 3) — > HOCcH 4 NH 2 (1, 3) 

i HNO 2 


HI 


HC1 


HOC 6 H 4 I (1, 3) — II0C 6 H 4 N 2 C1 (1, 3) 


Preparation of Meta Toluidine from Toluene. The starting 
point in this case is toluene, but some special device must be 
employed to put the amino group in the meta position since the 
methyl group orients ortho and para. This is done by first 
introducing the acetylamino group in the para position, and 
subsequently removing it. Since the NHCOCH3 group has a 
more powerful orienting influence than a methyl group (p. 345), 
the entering group takes the desired position. This is a very 
good illustration of the importance of a knowledge of the rela- 
tive directing power of various groups. The steps are as follows: 

HNO s [H] 

C 6 H 5 CH 3 — ^ CH 3 C 6 H4N0 2 — ^ CH 3 C 6 H 4 NH 2 (1, 4 ) 

(0 and p; separate 
isomers) 

CH 3 (1) 

(CH 3 CO 20 HNOa / 

— > CH 3 C 6 H 4 NHCOCH 3 ( 1 , 4) — > C 6 H 3 -N0 2 (3) 

H 2 SO 4 \ 

NHCOCH* (4) 

hydrolysis HNCV 

— > CH 3 C 6 H 3 (N0 2 )NH 2 (1, 3, 4) — CH 3 C 6 H 3 (N0 2 )N 2 C1 (1, 3, 4) 

HC1 

boil [H] 

— > CHaCcHiNO, (1, 3) — CH 3 C 6 H 4 NH 2 (1, 3) 

C 2 H 6 OH 


Examples of Obtho Syntheses 

Under the illustrations of para syntheses, we have seen that in 
one step a mixture of ortho and para isomers is obtained. Gener- 
ally, in designing a scheme for an ortho synthesis, the ortho isomer 
is separated and subjected to the necessary reactions. Sometimes 
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the proportion of ortho isomer obtained is too small to be of pre- 
parative value, and in these cases other methods must be devised. 
The following syntheses illustrate a method sometimes successful. 

Preparation of Ortho Nitroaniline from Benzene. 

HN0 3 [H] H0SO4 

C 6 H 6 — C 6 H 6 N0 2 — > C 6 H 5 NH 2 — > NH 2 C 6 H 4 S0 3 H (1,4) 

aso, | HNO a 

N0 2 C 6 H 4 NH 2 (1, 2) -« — NH 2 (N0 2 )C 6 H 3 S0 3 H (1, 2, 4) 

heat 

It should be noticed that the sulfonic acid group blocks the para 
position (sulfanilic acid), and, therefore, ortho substitution 
occurs. The sulfonic acid group is removed at the end by heating 
with dilute sulfuric acid (p. 349). 

Preparation of Ortho Bromophenol. Since the monobromo com- 
pounds of phenol cannot be made directly, the ortho and para 
positions in phenol are blocked by sulfonic acid groups. On 
bromination the second ortho position is substituted. 

H 2 S0 4 Br 2 

C 6 H 6 OH — > H0C 6 H 3 (S0 3 H) 2 (1,2,4k. — > 

dilute acid 

H0C 6 H 2 (S0 3 H) 2 Br (1, 2, 4, 6) — > HOC 6 H 4 Br (1, 2) 

j 190 ° 

Preparation of 2, 4-Diaminophenol from Benzene. The in- 
dustrial preparation of this compound (the photographic developer, 
amidol) illustrates how advantage may be taken of the reactive 
halogen in the nitro chlorobenzenes (nitro groups ortho and para). 
The steps in the synthesis are: 

01 ( 1 ) 

Cl 2 HNOa / Na 2 C0 3 

C 6 H 6 — >CoH 5 C1 — ^ C 6 H 3 -N0 2 (2) — > 

H0SO4 \ 

N0 2 (4) 

[H] 

C 6 H 3 0H(N0 2 ) 2 (1, 2 , 4) — > CcH 3 OH(NH 2 ) 2 (1, 2, 4). 

QUESTIONS AND PROBLEMS 

1. Outline the steps in the preparation of the following from coal tar: 
hydroquinone, resorcin, m-aminophenol, phenacetin, phloroglucinol. 

2. What is the fundamental reaction of an organic photographic developer? 
What do you think would happen if a solution of a photographic developer 
was warmed with an ammoniacai solution of silver nitrate? 

3. Is quinone an aromatic compound? What facts indicate that it is an 
unsaturated diketone? 
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4 . Discuss the tautomerism of nitrosophenol and phloroglucinol. 

5 . In what reactions is 2, 4 -dinitroehlorobenzene different from chloro- 
benzene? What practical advantage is taken of this difference? Illustrate 
with several examples. 

6. Predict the solubility in pure water, dilute hydrochloric acid, and dilute 
sodium hydroxide of the following crystalline compounds (a compound with 
a solubility of less than 1 per cent may be considered as insoluble) : 


HO 

HO<^>CH 3 , 

HO 


ch 3 o<^^och 3 , 


ch 3 o<^>nh 2) 


HO OH 


CH 3 NH<( yOH, ch 3 conh<( )>oh, ho/ )>nh 2 , 
ch 3 o<^ )>nhcoch 3 . 


If the compound is soluble in water, indicate whether or not salt formation 
would take place on the addition of hydrochloric acid or sodium hydroxide. 

7 . Which of the substances listed in question 6 do you think might reduce 
silver bromide if employed in an alkaline solution? 

8. Devise three methods of preparing ortho nitro phenol and para amino- 
phenol. 

9 . Outline the steps in the synthesis of the following from coal tar crudes: 
para iodophenol, meta iodophenol, meta bromoaniline, para iodotoluene, para 
chlorophenol, meta bromotoluene, meta dibromobenzene, and para dibromo- 
benzene (without the use of bromine), 1, 3 , 4 -tribromobenzene. 

10 . Predict the products of the following reactions : 

(a) HQCsI-UN = NC 6 H 5 -1, 4 -f SnCl 2 + HC 1 . 

(b) CH3OC6H4CH3-I, 4 +HI; (c) hydroquinone -f dimethyl sulfate -f 
alkali. 


CHAPTER XXII 

AROMATIC ALDEHYDES AND KETONES 


Aromatic Aldehydes 

It is usual to limit the term aromatic aldehyde to those com- 
pounds in which the aldehyde group is directly attached to the 
aromatic nucleus. In most respects aromatic aldehydes are 
similar to the aliphatic compounds considered in Chap. VI, but 
there are a few important differences. These may be best illus- 
trated by first considering in detail the simplest aromatic aldehyde 
which is also the most important from the industrial stand- 
point. 

Benzaldehyde, CcHsCHO. This aldehyde (b.p. 180°) is much 
used in the synthesis of compounds which contain aromatic groups- 
It is also employed as a perfume and flavoring material under the 
name of “ oil of bitter almonds.” Before the development of the 
coal tar dye industry it was prepared by crushing bitter almonds 
with water. These nuts contain a glueoside, amygdalin, and an 
enzyme which causes its hydrolysis to glucose, hydrocyanic acid, 
and benzaldehyde. 

Benzaldehyde is now prepared industrially from toluene directly 
or from its chlorination products, benzyl chloride, C6H 5 CH 2 C1 
or benzal chloride, C 6 H 5 CHCl 2 (p. 342). 

The oxidation of toluene to benzaldehyde is brought about by 
the use of manganese dioxide and sulfuric acid with the addition 
of copper sulfate as catalyst: 

CeHsCHs + [0] — > CsHsCHO + H 2 0 
Mn0 2 
H 2 SO 4 

It is obvious that the production of an aldehyde by oxidation 
procedure must involve the use of special oxidizing agents and 
controlled conditions, as otherwise the aldehyde will be further 
oxidized to the corresponding acid. 

The conversion of benzyl chloride to benzaldehyde is accom- 
plished by oxidation with an aqueous solution of lead or copper 
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nitrates. Benzal chloride is readily transformed into benzalde- 
hyde by boiling with water containing a small amount of alkali: 

C«H 6 CH a Cl + [0] — >• CoHbCHO + HC1 
Pb(N0 3 ) 2 

100 ° 

C6H 5 CHC1 2 + H 2 0 — > C 6 H 5 CH0 + 2HC1 
CaC0 3 

The above methods are applicable to the preparation of other 
aromatic aldehydes from the corresponding methyl compounds. 

Characteristics of Aromatic Aldehydes. Benzaldehyde and its 
derivatives are similar to those aliphatic aldehydes which have 
no hydrogen in the alpha position , for example, (CH 3 )sC — CHO, 
and HCHO (compare p. 129). They give the fuchsine test, 
reduce ammoniacal silver nitrate solution, combine with sodium 
bisulfite, hydrocyanic acid, and the Grignard reagent; they readily 
form oximes and phenylhydrazon.es . 

Because of the absence of an alpha hydrogen atom, they do 
not undergo an aldol condensation nor resinify when treated 
with alkali. Instead they undergo the Cannizzaro reaction 

(p. 128): 

2C 6 H 5 CHO -f NaOH — > C 6 H 5 CH 2 OH + C 6 H 5 COONa. 

benzyl sodium benzoate 

alcohol 

A characteristic reaction of many aromatic aldehydes is the 
benzoin condensation. This is brought about by warming the 
aldehyde with a solution of potassium cyanide; the cyanide ion is 
the specific catalyst for this process. A graphical equation for the 
formation of benzoin, CeHsCHOHCOCeHs, from benzaldehyde 
will illustrate the reaction: 

H /® 

/ / \ KCN 

C 6 H 5 C = 0 + O = CC g H 5 —v C 6 H 5 CHOHCOC 6 H 5 . 

L .i catalyst benzoin 

Unlike the aliphatic aldehydes, the aromatic aldehydes do not 
form polymers when treated with acids (compare with p. 112). 

Auto-oxidation. Benzaldehyde and certain of its derivatives 
show a rather surprising behavior when exposed to atmospheric 
oxygen. They absorb oxygen fairly rapidly, forming an inter- 
mediate compound which is benzoyl hydrogen peroxide, C«Hb- 
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COOOH, which then oxidizes another molecule of benzaldehyde 
to benzoic acid. This process is called auto-oxidation: 

CsHeCHO + 0 2 

O 

C 6 H 5 CHO + C&&-0-OE — > 2C 6 H 6 COOH. 

Although auto-oxidation is a common reaction, only in the case of benzalde- 
hyde has an intermediate peroxide been isolated; however, peroxide formation 
probably is a necessary step in all auto-oxidations. The reaction is auto- 
catalytic; at the beginning the reaction is very slow and gradually it increases 
to a maximum velocity. The induction period (the time before the reaction is 
noticeable) indicates that either a certain concentration of peroxide must be 
formed before the rate becomes appreciable or minute amounts of impurities 
present as inhibitors must be removed. Generally auto-oxidations are very 
sensitive to catalysts, either positive or negative. Those of the latter class 
probably react with the intermediate peroxide and thus destroy it. Among 
such negative catalysts, which are called anti-oxidants, are those polyhydroxy 
compounds and aminophenols which are readily dehydrogenated by very mild 
oxidizing agents (Chap. XXI). As little as .001 per cent of hydroquinone in 
benzaldehyde will prevent its auto-oxidation. 

Quite frequently substances which are perfectly stable to oxygen are 
oxidized when added to a system capable of undergoing auto-oxidation. A 
general equation for an auto-oxidation may be written in which A is the sub- 
stance which forms a peroxide A0 2 , and B the substance which takes oxygen 
away from the peroxide (acceptor). The acceptor may be another molecule 
of A or another easily oxidized compound. 

0 2 -f A — > A0 2 ; peroxide formation 
AO 2 4- B — > BO + AO; peroxide oxidizes acceptor. 

It often happens that the substance B (the acceptor) is not directly oxidized by 
atmospheric oxygen. The substance A ( e.g benzaldehyde) thus serves to 
bring about the indirect oxidation of B. This is sometimes spoken of as a 
coupled reaction. 

Compounds which may polymerize often do so when they undergo auto- 
oxidation. This probably means that the energy of the peroxide has been 
passed to a molecule of the substrate which is now in an active state ready 
either to combine with oxygen (auto-oxidation) or with another molecule (the 
first step in polymerization). We have pointed out previously that the discolor- 
ation and gum formation of cracked gasolines (p. 55) and the resinification of 
acrylic esters (p. 280) are catalyzed in some way by auto-oxidation. The ad- 
dition of small amounts of inhibitors is essential in storing these substances 
since the anti-oxidants prevent auto-oxidation and subsequent polymerization. 

The drying of oil paints is another illustration of polymerization induced by 
auto-oxidation. In this case positive catalysts for the auto-oxidation process 
are often added. 
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Side-Chain Compounds from Benzaldehyde. Compounds 
which contain an aromatic nucleus and a reactive group separated 
by a chain of carbon atoms are often called side-chain compounds. 
Many such substances can be synthesized with the aid of ben- 
zaldehyde. Substances which have a hydrogen in the alpha 
position to a carbonyl group react with benzaldehyde with the 
formation of unsaturated side-chain compounds. The reaction is 
brought about by acids or by bases. If acetaldehyde is used, 
cinnamic aldehyde is the product : 

dil. 

C 6 H 6 CHO + CH 3 CHO — > CeHsCH = CHCHO + H 2 0. 

NaOH cinnamic 

aldehyde 

This aldehyde is a liquid which boils at 252°. It is a constituent 
of oil of cinnamon and has a pleasant cinnamon odor. 

A similar condensation takes place between an aromatic alde- 
hyde and a ketone containing the grouping — CHoCO — . For 
example, benzaldehyde will condense with acetone forming an 
unsaturated ketone. Depending on the proportion of the reac- 
tants, benzalacetone, C<jH 5 CH = CHCOCH3, or dibenzalace- 
tone, (C 6 H 5 CH = CH) 2 CO, is formed: 

NaOH 

C 0 H 5 CHO CH 3 COCH 3 — > C 6 H 5 CH = CHCOCH 3 + HA 

NaOH 

c 6 h 6 cho + CHsCocn - chc 6 h 5 — > 

C 6 H 6 CH - CHCOCH - CHCgHg + H 2 0 

Dibenzalacetone is a yellow, crystalline solid (m.p. 112°) which is 
easily isolated and identified in small quantities. The formation 
of dibenzalacetone is, therefore, recommended as a procedure for 
identifying small quantities of acetone. 

The condensation reactions just described are obviously analo- 
gous to similar reactions in the aliphatic series discussed in Chap. 
VI. There is little doubt that an aldol (p. 117) is an intermediate 
product in each case. 

Perkin Reaction. Aromatic aldehydes will condense not only 
with aldehydes and ketones, but even with the sodium salts of 
aliphatic acids. This reaction is known as the Perkin 1 reaction, 
and is characteristic of aromatic aldehydes. As an example, we 

1 William Henry Perldn (1838-1907), Discoverer of the first coal tar dyestuff, 
mauve, which he prepared while studying the action of oxidizing agents on’ crude 
aniline. 
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may cite the preparation of cinnamic acid, C 0 H 5 CH = CHCOOH. 
Acetic anhydride, sodium acetate, and benzaldehyde are heated 
together: 

CJERCHO + CHsCOONa + (CH 3 C0) 2 0 — > 

C 6 H 5 CH = CHCOONa + 2CH 3 COOH. 

sodium cinnamate 


This reaction probably proceeds through an intermediate hydroxyl 
compound (analogous to an aldol), C6H5CHOHCH2COOH, and 
like the other similar condensations, the hydrogen atoms on the 
alpha carbon atom are involved. Thus, if sodium propionate and 
propionic anhydride are used, the product is CtJIsCH = C(CH 3 )- 
CGOH. Isobutyric acid, which has only one hydrogen on the 
alpha carbon atom, reacts with benzaldehyde to give a hydroxy 
acid or its lactone: 


C 6 H 5 CHO + (CH 3 ) 2 CHCOOH — ^C 6 H 5 CHOnC(CH 3 ) 2 COOH. 

Certain Other Reactions of Benzaldehyde. Benzaldehyde and many of its 
derivatives will condense with those aromatic compounds which have an 
easily replaceable hydrogen atom in the para position. For example, phenol 
and dimethylaniline react with benzaldehyde according to the following 
equations; the reaction is useful in the synthesis of certain types of dyes. 

heat 


CeHsCH io ‘ 2 ; )> OH — C 6 H 5 CH ( )> OH ) 2 + H.O, 


with 

ZnCl 2 


QHtCHjO' 2!<( )>N(CH,) t C G H 5 CH ( / )>N(CH 3 ) 3 ) 

ZnCl2 +H;.0 


The reaction between ammonia and benzaldehyde is complicated. Three 
molecules of the aldehyde and two of ammonia condense in the following 
manner: 


C 6 H 5 CH :0 H 2 : N 
C 6 II s CH 16" Hal N 


Hi H x 

0 : = CCeHs * 
Hi 


CHC 6 H 6 


C g H 6 CH = N n 
CsHsCH = I\ T/ 

+ 3H 2 0, 

The product is known as hydrobenzamide ; it is a colorless solid melting at 110°. 

Isomeric Benzaldoximes. Two isomeric oximes can be pre- 
pared from benzaldehyde. The first product of the interaction of 
benzaldehyde and hydroxylamine is a crystalline solid which 
melts at 35°: 


C 6 H 6 CHO + nh 2 oh - 


• C 6 H 5 CH - NOH + H 2 0. 

benzaldoxime 


406 THE CHEMISTRY OF ORGANIC COMPOUNDS 


An isomeric substance melting at 126° is obtained by treating the 
low-melting oxime with hydrochloric acid. The two substances 
are geometrical isomers analogous to fumarie acid and maleic acid 
(p. 286). The double linkage between carbon and nitrogen 
prevents free rotation, and two stereoisomers are possible depend- 
ing on whether or not the hydroxyl group and hydrogen atom 
are over each other. This type of isomerism has been observed 
in many cases with the oximes of aromatic aldehydes and ketones. 
Usually, in the aliphatic series only one form can be isolated. In 
the case of the isomeric aldoximes the terms syn and anti are used 
to designate the two forms. 


Off - 11 

NOH 

syn form 
m.p. 35° 


acids 


o 


C—H 

II 


HON 


anti form 
m.p. 126° 


The two isomers differ in some respects, especially in their behavior 
towards dehydrating agents. The higher melting isomer with 
acetic anhydride readily loses water to form benzonitrile, C 6 H 5 CN, 
whereas the dehydration of the lower melting isomer proceeds at a 
much slower rate. Because it seemed most likely that water 
would be eliminated from the compound in which the hydrogen 
atom and hydroxyl group are nearest together, the higher melting 
isomer was given the syn configuration. This, however, was later 
proved to be incorrect. 


The manner in which the configurations of the isomers were determined is 
interesting. To settle this point a derivative of benzaldoxime,. 2-chloro-5-nitro- 
benzaldoxime was used. The two geometrical isomers were treated with 
alkali. The higher melting isomer (again obtained from the lower by acid 
treatment) lost hydrogen chloride to form an unstable cyclic compound; the 
lower melting isomer under the same conditions did not lose hydrogen chloride. 
This proves that the higher melting compound had the anti-configuration (OH 
nearest the Cl of the ring). 


N0 2 -| 


r i 

C-H NaOH N0 2 - 

r > 

CH N0 2 ~ 



jj — 


J( 3*. 


\ ) 

HON 

k ) 

N 

\ / 1 

v J 


-ON 


anti (higher 
melting) forms 
nitrile readily 
with acetic 
anhydride. 


Cl 


o 


V\ 


OH 
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General Methods of Preparing Aromatic Aldehydes. In ad- 
dition to the methods of preparing benzaldehyde mentioned at the 
beginning of this chapter, there are a few other general methods of 
importance. 

Aromatic aldehydes can be prepared from the corresponding 
acids by distilling a mixture of the calcium salt with calcium 
formate (see p. 110). They may also be prepared by cautious 
oxidation of the corresponding alcohol. Both these methods are 
examples of the general methods of preparing aldehydes given in 
Chap. VI. The oxidation of an unsaturated compound is a 
very useful method of preparing certain aromatic aldehydes. 
Examples of this procedure will be given shortly (preparation of 
anisic aldehyde). 

The aldehyde group may be directly introduced into the aro- 
matic nucleus by two methods. The first may be illustrated by 
the preparation of p-methylbenzaldehyde (p-toluic aldehyde). 
It is really a modified Friedel-Crafts reaction (p. 333) since 
anhydrous aluminum chloride is the catalyst. A mixture of 
carbon monoxide and hydrochloric acid is employed which 
reacts as the equivalent of the unknown acid chloride of for- 
mic acid. 

CH 3 < ( y + CO + HC1 — > CH 3 <(_J>CHO + HC1. 

The second method of introducing the aldehyde group is 
employed with phenols and phenolic ethers. A mixture of 
hydrocyanic acid and hydrochloric acid is allowed to react with 
the phenol or phenolic ether; zinc chloride is usually employed as 
a catalyst or zinc cyanide and hydrochloric acid may be used which 
amounts to the same thing. The first product is the aldehyde 
imine which is readily hydrolyzed to the aldehyde. The mix ture 
of acids probably forms some HN = CHC1 which then reacts with 
the aromatic compound: 

NH H 

/ V ^ ZllCh y . / 

CH 3 0<( \ + C1C-H — > CH 3 0<( \c=NH 

(HC1 + HCN) 

H 

CH 3 Q<( yC^NH + H s O — > CH 3 0/ )>CHO + NH 8 . 
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Hydeoxy Aldehydes 

A number of hydroxy aldehydes and their ethers are important 
technically or are connected with interesting natural products. A 
few are used in the perfume industry. 

Salicyl Aldehyde, HOC6H4CHO (1, 2). The ortho hydroxy- 
benzaldehyde is called salicyl aldehyde. It occurs as a glucoside 
in a variety of plants. Salicyl aldehyde is prepared by a reaction 
which can be employed for introducing the aldehyde group into 
phenols , and is known as the Reimer-Tiemann reaction. This 
consists in heating the phenolic substance with chloroform and 
potassium hydroxide; a mixture of ortho and para compounds 
results in which the ortho predominates. The first product of the 
reaction is probably a- dichloride (an hydroxy benzal chloride), 
which is then hydrolyzed to an aldehyde. This hypothetical 
intermediate is shown in the following equation: 


'1OH 


koh/Noh 


•Cl 


CHC1 £ 




;chci 2 

not isolated 



OH 

CHO. 


Salicyl aldehyde is a colorless liquid boiling at 196° and solidifying 
at 1°. It has a pleasant odor. 

Coumarin. Salicyl aldehyde is manufactured as an inter- 
mediate in the synthesis of a substance of great importance in the 
perfume industry. This is coumarin, the inner lactone of ortho 
hydroxycinnamic acid. It is prepared by the Perkin reaction 
from salicyl aldehyde, sodium acetate, and acetic anhydride. 
The sodium salt of ortho hydroxycinnamic acid is first formed; on 
liberating the free acid by acidification, water is immediately lost 
and the lactone ring is formed: 


NCHO (CH 3 C0) 2 0 

+ CH 3 COONa ^ 

Jgh 


NCH = CHCOONa 

JoH 


+H2O 


'N-ch = chc = o 

^~0:H ^"OH; 

o-hydroxycinnamic acid 


^ CH = CH 

1 

0 - co. 


Coumarin Is a colorless, crystalline solid which melts at 70°. It is 
somewhat volatile, and has the odor of new-mown hay. Coumarin 
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is widely distributed in nature usually as a glucoside; it occurs 
particularly in tonka beans from which it may be readily extracted. 
It is now prepared synthetically. 

Ethers of Hydroxy Aldehydes. The methyl ether of para hy- 
droxybenzaldehyde is known as anisic aldehyde, CH 3 OC 6 H 4 CHO 
(1, 4). It is present in the essential oil from the anise seed. 
It is prepared industrially by oxidizing an unsaturated compound, 
anethole, which is the chief constituent of anise oil: 


> \ ozone or y - \ 

CH 3 0< >CH=CHCH 3 — CH s O< >CHO. 

N X HoCrOi X ' 


anethole 


Anisic aldehyde boils at 248° and solidifies at 0°. It has a pene- 
trating fragrant odor, and is used in the perfume industry. 

Vanillin is a monomethyl ether of a dihydroxybenzaldehyde. 
It is the principal odoriferous constituent of the vanilla bean. Like 
coumarin, it is a solid (m.p. 81°) with a vanilla-like odor. Vanillin 
is prepared industrially for use as a flavoring material from 
guaiacol (p. 391) by introducing an aldehyde group (p. 407) or 
by oxidizing isoeugenol. Although the latter occurs in small 
quantities in essential oils (e.g., nutmeg oil), it is prepared rela- 
tively cheaply by the rearrangement of eugenol, the chief constitu- 
ent of oil of cloves. This rearrangement involves the shift of an 
ethylenic linkage: 

CHO 

(^]och 3 

OH 

vanillin 

Vanillin can be obtained from lignin (p. 436). The waste sulfite 
liquors of the pulp industry (p. 317), therefore, are a potential 
source of vanillin. 

Aromatic Ketones 

Aromatic ketones may be divided into three classes on the basis 
of the relationship of the aryl groups to the carbonyl group. 
The first class may be represented by benzophenone, CeHsCOCeHs; 
the second by acetophenone, C 6 H 5 COCH 3 ; and the third by 
dibenzyl ketone, CeHsCT^COCTKCeHs. The members of all 


CH 2 CH = CH 2 
/ \ KOH 


JOCH 3 heated 


OH 

eugenol 


ch=chch 3 

0 O3 or 

och 3 hIckl 

OH 

isoeugenol 
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three classes resemble the aliphatic ketones in most of their chemi- 
cal properties. However, the immediate connection of an aryl 
group to a carbonyl group sets off the first two classes somewhat 
from the other ketones, and a few representatives of these will 
therefore be considered. 

Methods of Synthesis. Aromatic ketones may be synthesized 
by most of the methods employed for the synthesis of aliphatic 
ketones (Chap. VI). Among these may be mentioned the destruc- 
tive distillation of the calcium salts of the corresponding acids, 
the hydrolysis of a dihalide, and the oxidation of a secondary 
alcohol. 

In addition to these general methods of synthesizing aliphatic 
and aromatic ketones, there is one specific method for preparing 
aromatic ketones which contain the grouping — ArCO — . This is 
the Friedel-Crafts reaction using an acid chloride, anhydrous 
aluminum chloride, and an aromatic hydrocarbon. It may be 
illustrated by the preparation of benzophenone (diphenyl ketone) 
and acetophenone (phenyl methyl ketone) : 

+ a : COCeHs <( y — CO — <( + HC 1 

benzoyl benzophenone 

chloride 

<( )> + CICOCH 3 — »- <( )> coch 3 + HCI 

acetophenone 

The aluminum chloride is a catalyst in this reaction as in the alky- 
lation of aromatic hydrocarbons (p. 333). However, one mole 
of the catalyst must be employed because it usually combines 
with the product to form a loose addition compound, and thus is 
removed continuously from the reaction, 

Hydroxyketones. The hydroxyl derivatives of benzophenone and aceto- 
phenone are prepared by somewhat different methods from those of the 
parent compounds or their other common derivatives. 

The hydroxyl compound, the corresponding acid, and zinc chloride are 
heated together. Water is eliminated and an acyl group directly introduced 
into the nucleus. For example, resorcinol and caproic acid, C5H11COOH, 
thus yield resorcyl amyl ketone: 

OH OH 

j^j :'+"'h6; occ 5 h„ Zn< ^ 1 :! Qcocjffa 



HO* 
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This substance can be used for preparing hexylresorcinol (p. 390), since 
the oxygen of the carbonyl group is replaced by hydrogen by reduction with 
amalgamated zinc and acid: 

OH 

j^CH 2 (CHs)«CH, 

hexylresorcinol 

The reduction of the carbonyl group to the CH 2 group by this method 
is applicable to aromatic ketones; for example, acetophenone yields ethyl 
benzene: 

[H] 

C 6 H 6 COCH 3 — > CeHsCHsCHs. 

Zn.Hg + HC1 

This reaction is often referred to as a Clemmensen reduction. 

Benzophenone. Benzophenone may be prepared from benzoyl 
chloride and benzene by the Friedel-Crafts reaction, as we have 
just seen. A somewhat cheaper method is to use carbon tetra- 
chloride, benzene, and aluminum chloride. If the amounts of 
reactants and the conditions are carefully controlled, the inter- 
action of the carbon tetrachloride and the benzene can be stopped 
after only two of the four halogen atoms have been replaced. The 
dichloride is then hydrolyzed to the ketone: 

AlCls 

2C 6 H 6 + CC1 4 — > C 6 H b CC1 2 C 6 H 6 , 

5 ° 

benzophenone dichloride 

H 2 0 

C 6 H 5 CC1 2 C c H 5 — C 6 H 6 COC 6 H 5 . 

Benzophenone exists in two solid modifications. One melts at 27°, the 
other at 48°. These two substances must have the same molecular structure, 
since on melting they give the same liquid. The difference exists only in the 
solid state, in solution it disappears; it is due to a different arrangement of the 
molecules in the crystal. Different crystallographic modifications of this sort 
are known as polymorphic forms and the phenomenon is called polymor- 
phism. 

Benzophenone differs from most ketones in having no hydrogen 
atom on an alpha carbon atom. It will, therefore, not enter into 
condensation reactions which involve the removal of such an 
atom. In all other respects it is very similar in its reactions to 
acetone. It forms an oxime, is reduced to a secondary alcohol or 


OH 

ICOC 5 H 11 [H] 


0 


Zn.Hg 
4* acid 
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a pinacol, and reacts with the Grignard reagent; it does not add 
sodium bisulfite. It is very resistant to oxidation. 

Benzophenone and other aromatic ketones are cleaved when 
fused with potassium hydroxide. This reaction is useful in 
determining the structure of such compounds. 

fused 

C 6 H 5 COC 6 H5 + KOH — > C 6 H 6 4- CeHgCOOK. 

Acetophenone. This substance is the simplest example of a 
mixed aliphatic-aromatic ketone. Its preparation from acetyl 
chloride and benzene has been given above. In place of the acid 
chloride in this reaction the acid anhydride may be employed 
with somewhat better results. The aluminum chloride here 
definitely enters into the reaction since hydrogen chloride is 
evolved : 

C 6 H 6 4- (CH 3 C0) 2 0 + Aids — ^C 6 H 5 COCH 3 + CH 3 C00A1C1 2 + HCL 

Acetophenone is a liquid boiling at 202 ° and solidifying at 
20.5°. Except for the fact that it does not combine with sodium 
bisulfite, it has all the characteristic chemical properties of a 
methyl ketone (p. 121). For example, it is readily brominated, 
forms chloroform when treated with alkaline sodium hypochlorite, 
and condenses with aldehydes. With selenium dioxide it is 
smoothly oxidized to phenyl glyoxal: 

QHgCOCHs + Se0 2 — > C 6 H 5 COCHO + H 2 0 + Se. 

phenyl glyoxal 

Benzalacetophenone, C 6 H 5 CH = CHCOC&BU. Benzaldehyde 
and acetophenone readily condense in the presence of dilute 
sodium hydroxide, forming an a, 0 -unsaturated ketone (p. 291), 
benzalacetophenone : 

CcHgCHO + CH 3 COC 6 H 6 — > CeHgCH = CHCOC 6 H 6 + H 2 0. 

Benzalacetophenone is a yellow, crystalline solid which melts at 
58°. Its reactions are similar to those of benzalacetone (p. 404), 
mesityl oxide, and other a, /3-unsaturated ketones. 

Hydroxy Aromatic Ketones in Nature. A number of hydroxy aromatic 
ketones and their ethers are found in nature. Only a few of these are of 
sufficient interest to warrant consideration here. Among the simplest are 
ortho and para hydroxyacetophenones, HOC 6 H 4 COCH 3 , which occur as 
gluccsides isolated from certain trees. Zingerone is one of the constituents 
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of ginger which imparts a biting taste to this material; it is 3-methoxy-4- 
hydroxybenzylacetone. The parent compound, benzylacetone, CgH 5 CH 2 - 
CH2COCH3, may be prepared by the catalytic reduction of benzalacetone 
(p. 404). In the same way zingerone may be synthesized from vanillin: 

CH 3 O 

HO<2D>CH = CHCOCHa 

ch 3 o w fH] 

HO<^ ^CH.CIi.COCHa. 

zingerone 

Benzoin and Benzil. The formation of benzoin from benzalde- 
hyde has been discussed earlier in this chapter. Benzoin, 
CeHsCHOHCOCeHs, is a representative of the alpha hydroxy 
ketones. These substances are very easily oxidized to diketones. 
This oxidation or dehydrogenation may be brought about by 
complex cupric salts: 

[ 0 ] 

C 6 H 5 CHOHCOC 6 H 5 C 6 H 6 COCOC 6 H 6 . 

[H] benzil 


ch 3 o 

HO<' ScHO + CH 3 COCH 3 — > 


The diketone, benzil, is easily reduced back to benzoin. Benzoin 
is a colorless solid which melts at 137°; benzil is a yellow, crystal- 
line material which melts at 95°. 


In spite of the ease of the oxidation and reduction, a careful study of the 
relation of benzil to benzoin has shown that it is different from the relation of 
quinone to hydroquinone (p. 387). The processes of oxidation and reduction 
are not rapid enough to make the system strictly reversible; they proceed at 
a measurable rate. An electrode immersed in a mixture of benzoin and benzil 
does not take on a definite potential (c/. the quinone-hydroquinone system, 
p. 387). 

Reduction of benzoin with sodium amalgam yields hydrobenzoin, a glycol. 
The reduction of benzoin with zinc and hydrochloric acid causes the replace- 
ment of the hydroxyl group by hydrogen. The product is a phenyl benzyl 
ketone or desoxy benzoin: 


CeHsCHOHCOCeHs 


[H] 

NaHg 

[H] 


C 6 H 5 CHOHCHOHC 6 H 5 , 

hydrobenzoic 


CeHsCHOHCOCeHs — CgH5CH 2 COC 6 H 5 . 

HC1 ~f* Zn desoxybenzoin 


When fused with potassium hydroxide, benzil undergoes a remarkable rear- 


potassium salt of 
benzilic acid 


Structure of Ketones by Beckmann Rearrangement. When 
benzophenone oxime is treated with certain reagents as phosphorus 
pentachloride or acetyl chloride a remarkable rearrangement occurs 
in which benzanilide (benzoyl aniline) is formed: 



0 - C - C 6 H s 
- C 6 H 5 


nhc 6 h 5 

benzanilide 


It should be noticed that the phenyl and hydroxyl groups trans 
(anti) to each other have changed places. We have purposely 
indicated this, since in eases of unsymmetrical ketone oximes 
where the configurations (syn or anti) have been established this 
trans shift is observed. If two isomeric ketoximes can be isolated, 
each form gives its own substituted amide by a trans shift. This is 
illustrated by the rearrangement of the isomeric oximes of phenyl 
p-tolyl ketone: 

O - C-C 6 H 6 


CH 3 C 6 H4-C-C 6 H 5 

II 

NOH 

CHsCeHiCCeHU 

II 

HON 


NHC 6 H4CH 3 

CH 3 C 6 H 4 C = O 
I 

c 6 h 6 nh 



The Beckmann rearrangement offers a method of establishing 
the structure of a ketone, as the substituted anilide formed is 
readily hydrolyzed (p. 370) to a simple acid and amine. Thus, 
from benzophenone oxime, one can obtain benzoic acid, 
CeEUCOOH, and aniline 

(C 6 H 6 ) 2 C = NOH — CeHsNHCOCeHs — > C 6 H 6 NH 2 + C 6 H 5 COOH. 

QUESTIONS AND PROBLEMS 

1. Write structural formulas for : benzyl phenyl ketone, vanillin, coumarin, 
benzoin, benzalacetophenone, salicyl aldehyde, benzil. 

2. Compare and contrast the aliphatic and aromatic aldehydes. 
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3. Write equations illustrating: (a) methods of preparing aromatic alde- 
hydes; (b) the use of the Friedel-Crafts reaction in the synthesis of ketones; 
(c) three condensation reactions of benzaldehyde, 

4. Outline the steps in the industrial synthesis of the following: benzalde- 
hyde, coumarin. 

5. Compare the auto-oxidation of benzaldehyde and the dehydrogenation 
of isopropyl alcohol to acetone. Why are both reactions often spoken of as 
oxidations? 

6. What would you predict to be formed if benzalacetophenone were 
allowed to react with phenyl magnesium bromide? 

7. Predict what you would expect to happen when the following sub- 
stances were allowed to interact (write equations): (a) benzaldehyde and 
ethyl magnesium bromide; (b) benzaldehyde and a mixture of nitric and sul- 
furic acids; (c) benzoin and phenylhydrazine; (d) anisic aldehyde, acetic 
anhydride, and the sodium salt of propionic acid ; (e) acetophenone and an alka- 
line solution of sodium hypoiodite; (f) anisic aldehyde and a solution of 
potassium cyanide. 

8. Name four aromatic aldehydes or ketones of industrial importance 
give their uses, and state how each is prepared. 

9. Outline a process for preparing hexylresorcinol from benzene, malonie 
ester, and w-butyl alcohol; (CsHsLCCOCeHs from benzophenone. 

10. Write equations for the following reactions: (a) benzal acetone + HBr; 
(b) benzalacetophenone + aluminum isopropylate. 

1 1. Starting with vanillin, how would you synthesize zingerone, 3-methoxy- 
4-hydroxy-benzyl acetone? 

12. Prepare a-chloroacetophenone from benzene and acetic acid by two 
methods. 

13. Outline the synthesis of vanillin from guaiacol. 

14. Predict the products formed when phenyl ethyl ketone is allowed to 
react with: (a) selenium dioxide; (b) benzaldehyde and NaOH; (c) bromine; 
(d) amalgamated zinc and hydrochloric acid. 

15. A compound A, C 10 H 12 O, was found to form an oxime. When the oxime 
was treated with phosphorus pentachloride and the resulting compound 
hydrolyzed with alkali, para toluidine and propionic acid were isolated. What 
is the structure of A? 


CHAPTER XXIII 



AROMATIC ACIDS 

We shall consider in this chapter those acids in which a carboxyl 
group is directly joined to an aromatic nucleus or removed by one 
or more carbon atoms. On the whole, these acids differ less from 
the corresponding aliphatic compounds than any class of aromatic 
substances. For this reason, most of the chemical properties 
need be but briefly discussed. Three aromatic acids (benzoic, 
salicylic, and phthalic) are of industrial importance because they 
are used as intermediates in the preparation of dyes, drugs, and 
solvents. A number of aromatic acids and their derivatives occur 
in nature, and one large class of tannins is composed of condensa- 
tion products of a trihydroxybenzoic acid. 

Compounds with Direct Union op Aryl and 
Carboxyl Groups 

General Methods of Preparation. The methods of preparing 
aromatic acids of the general formula, ArCOOH, may be illus- 
trated by the preparation of benzoic acid, CeHsCOOH. With 
certain exceptions, the same methods may be used for the prepa- 
ration of a great variety of substituted benzoic acids and may, 
therefore, be considered as general methods. The preparation of 
aromatic acids by oxidation of the corresponding aldehyde (di- 
rectly or indirectly by the Cannizzaro reaction) was considered 
in the last chapter and need not be repeated here. 

(1) Transformation of a side chain to COOff: 

This can often be accomplished by direct oxidation if the mole- 
cule contains no other groups which may be sensitive to oxidation; 

C 6 H 5 CH 2 CH 3 + [0] — > C 6 H 5 COOH + 2H 2 0 + C0 2 . 

(2) Replacement of —SO^Na by —COOH: 

Fusion of a sodium sulfonate with sodium cyanide yields an 
aromatic nitrile, which may be then hydrolyzed to the acid: 

fuse hydrolyze 

C 6 H 5 S0 3 Na + NaCN — CeHsCN — > C 6 H 6 COOH. 
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(3) Replacement of —NH 2 by —COOH: 

A primary amine is diazotized, converted to a nitrile (p, 379), 
which is hydrolyzed : 

HC1 CuCN hydrolyze 

C 6 H 5 NH 2 — >C 6 H 5 N 2 C1 — >■ CcHsCN — C^COOH. 

HN0 2 

(4) The use of a Grignard Compound: 

In this method an aryl halide is prepared, allowed to react with 
magnesium, and the organo-magnesium compound treated with 
carbon dioxide. Obviously the method is not applicable if the 
molecule can not be halogenated, or if it contains groups w r hich 
react with the Grignard reagent (e.g., the carbonyl group or 
groups with an active hydrogen) : 

Mg C0 2 H 2 0 

CeHfiBr — > CeHsMgBr — ^ C c H 5 COOMgBr — > C 6 H 5 COOH. 

General Characteristics of Aromatic Acids. Although benzoic 
acid and its alkyl and halogen derivatives resemble the aliphatic 
acids in chemical properties, their physical properties are different. 
We proceed therefore somewhat differently in handling aromatic 
acids. For example, we prepare the free acid from the salt, not 
by distilling with sulfuric acid, but merely by acidifying a fairly 
concentrated solution of the soluble salt. Almost all the aromatic 
acids are insoluble in water, and at once precipitate when a water 
solution of their salts is treated with a strong acid. ' 

Esters, acid chlorides, and acid anhydrides of aromatic acids 
can be prepared by the reactions used in aliphatic chemistry. On 
heating with sodium hydroxide, sodium benzoate forms benzene. 

heat 

CeHsCOONa + NaOH — > C 6 H 6 + Na 2 C0 3 . 

Some substituted benzoic acids lose carbon dioxide on gently 
warming the free acid. The preparation of pyrogallol is an illus- 
tration of this type of reaction (p. 391). 

Benzoic Add. This acid is a white, crystalline solid, melting 
at 122°, and is slightly soluble in water, easily sublimed, and vola- 
tile with steam. It occurs in the natural resin, gum benzoin, and 
in small amounts in cranberries. It is prepared on a large scale by 
hydrolysis of benzotrichloride, CeHsCCls, which is obtained by 
chlorinating toluene (p. 342). 

boil 

2C 6 H 5 CC1, + 4Ca(OH) 2 — >- (CeHsCOO^Ca + 3CaCU + 4H 2 0, 
(C«H 6 COO) 2 Ca + 2HC1 — 2C 6 H 5 COOH + CaCl 2 . 
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The hydrolysis of the trichloride may first produce the ortho 
acid (p. 101), C6H 5 C(OH) 3) which then loses water and forms 
0 
# 

C 6 H 5 C - OH. Since benzoic acid is nearly insoluble m cold water, 
acidification of an aqueous solution of the salt produces a pre- 
cipitate of the acid. 

Benzoic acid is also manufactured by the catalytic decomposi- 
tion of phthalic acid (p. 425) in the presence of steam. One 
carboxyl group is removed during this process: 

0 COOH 

+ C0 2 . 

Toluene, benzyl chloride, (C c H 5 CH 2 Cl) (p. 342), and a number of other 
substances can be oxidized to benzoic acid. The oxidation of toluene in the 
vapor phase by means of some inorganic oxide has been developed as an 
industrial method of preparation. Some benzoic acid has been prepared indus- 
trially by the oxidation of benzyl chloride with dilute nitric acid. 

Benzoyl Chloride. The acid chloride of benzoic acid, benzoyl 
chloride, C 6 H 5 C0C1, may be prepared in the usual way from 
benzoic acid and phosphorus pentachloride. It can also be pre- 
pared by a reaction which is peculiar to the aromatic series and 
which consists in chlorinating benzaldehyde: 

H 0 

/ / 

C 6 H 6 C = O + Cl 2 — > C 6 H 6 C - Cl + HC1. 

Benzoyl chloride is a liquid which solidifies at —1° and boils at 
198°. It has an acrid, irritating odor. 

Benzoyl chloride is insoluble in water and reacts with it only 
slowly. In the presence of aqueous sodium hydroxide, it reacts 
with a variety of amino and hydroxyl compounds forming benzoyl 
derivatives. These derivatives are oftentimes solids of low solu- 
bility in water, and the reaction is used to prepare characteristic 
solid derivatives of alcohols and amines. The process is known 
as the Schotten-Baumann reaction; benzoyl chloride is shaken 
with an aqueous sodium hydroxide solution of the hydroxy or 
amino compound: 

C 6 H 6 C0C1 + ROH + NaOH — ^ C 6 H 5 COOR + NaCl + H 2 0 
C 6 H 5 C0C1 + RNH 2 + NaOH — ^ C 6 H 6 CONHR + NaCI + H 2 0. 


Q COOH 
COOH 

phthalic acid 
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Benzoyl Peroxide. A very interesting compound can be readily prepared 
by the action of benzoyl chloride on sodium peroxide: 


0 

X 

■ CeHsC - O 


O 

II 


2C 6 H 5 C0C1 + Na 2 0 2 — > C fi H 5 C - O - O - C ~ C 6 H 5 -f 2NaCl. 

Benzoyl peroxide (also known as di benzoyl peroxide) is a colorless, crystalline 
solid which melts at 103°. It is a derivative of hydrogen peroxide (HOOH), 
in which both hydrogen atoms have been replaced by a cy l groups. When it 
is treated with sodium ethylate one benzoyl group is eliminated. The product 
is the sodium salt of monobenzoyl hydrogen peroxide or perbenzoic acid: 


O 


(C 6 H 6 C0) 2 0 2 + NaOC 2 H* 

O 

/ 

c 6 h 5 c - o 


• CeH 5 COOC 2 H 5 + CcH 5 C - 0 - ONa, 

o 


o 


cold X^ 

Na + H 2 S0 4 — ^ C e H 5 C -- O — 0 — H NaHS0 4 . 

perbenzoic acid 

Unlike dibenzoyl pero’xide, benzoyl hydrogen peroxide is unstable. It is a 
powerful oxidizing agent. It reacts with ethylene derivatives, adding one 
atom of oxygen to the double linkage forming an ethylene oxide derivative. 
It will be recalled that benzoyl hydrogen peroxide is the reactive intermediate 
in the auto-oxidation of benzaldehyde (p. 403). 

Derivatives of Benzoic Acid. The carboxyl group directs a 
second substituent into the meta position. It is, therefore, an 
easy matter to prepare meta derivatives of benzoic acid or its 
esters by direct nitration, sulfonation, or halogenation. Substi- 
tuted benzoic acids containing groups in the ortho or para posi- 
tion are usually synthesized by first preparing the corresponding 
ortho or para substituted toluene and then converting this to the 
corresponding acid by oxidation. 

Nitro- and Aminobenzoic Acids. The nitration of benzoic acid 
yields meta nitrobenzoic acid from which by reduction the meta 
aminobenzoic acid is formed: 


COOH 


COOH 



COOH 


! NH 2 . 


The para aminobenzoic acid can be prepared by the reduction 
of para nitrobenzoic acid which is formed by the oxidation of para 
nitrotoluene: 


NO: 


<3°h-^ n o<I>' 


COOH 


[H] 


nh<“> 


COOH. 
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The ortho aminobenzoic acid is known as anthranilic acid. It is 
prepared by the action of alkaline sodium hypochlorite on phthali- 
mide (the Hofmann reaction) (p. 151). The first step in this 
reaction is probably an hydrolysis by which the ring is opened and 
an amide is formed: 


CO 

| NH + NaOH - 

/ Sj6' 

phthalimide 


O COONa NaOCI /\C00Na 
conh 2 nZoh I^JnHs 

| HX 

n COOH 
NH. 


All three aminobenzoic acids are colorless, crystalline solids 
slightly soluble in water. They are amphoteric substances form- 
ing salts with acids or bases. The meta and ortho compounds 
are used in the preparation of certain dyes (the latter was formerly 
employed in the synthesis of indigo); para aminobenzoic acid in 
the form of its esters is used as a local anesthetic (see novocain, 
p. 536). The methyl ester of anthranilic acid occurs in certain 
essential oils, and is manufactured for use in the perfume industry. 
Its odor is reminiscent of grapes. 

Toluic Acids, CHsCcHiCOOH. The three methyl benzoic acids 
can be made by the partial oxidation of the three isomeric xylenes. 
Dilute nitric acid is generally used as the oxidizing agent. They 
are all solids; the ortho melting at 104°, meta at 110°, and para at 
179°. 

Esterification of Ortho Substituted Acids. Derivatives of ben- 
zoic acid which contain two substituents in the ortho position are 
peculiarly difficult to esterify by the direct method of heating with 
alcohol and acid. Such acids are, for example, the following (it 
is of no consequence whether or not the para position is also sub- 


stituted): 



COOH 

COOH 

COOH 

HaC/NcHa 

ci/Nci 

o 2 n/\no 2 

ch 3 

V 

no 2 


The esters may be readily prepared, however, by treating the 
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silver salt with methyl iodide (p. 95). When formed, the esters 
are hydrolyzed only very slowly. 

These facts are similar to the behavior of tertiary acids and 
tertiary alcohols, which was mentioned in Chap. Y (p. 99). 
It is interesting that in the case of the aromatic acids substitution 
in the ortho position (but not in the meta or para) has an effect 
equivalent to substitution in the alpha position in the aliphatic 
series. It is also significant that either a methyl group or a nitro 
group will suffice to retard the reaction, although these two 
groups are very different in many respects (e.g., their effect on the 
basic strength of amines, p. 372). This suggests the idea that the 
effect may be due to the spatial bulk of the group rather than its 
influence through the ring on the carboxyl group. Such an 
explanation supposes that in the case of ortho substituted acids 
and highly substituted aliphatic acids, the reaction is retarded by 
spatial interference of the substituents. One may imagine that 
the approach of the alcohol group to within the sphere of influence 
of the carboxyl group may be hindered. Such an effect has been 
called “ steric hindrance ” by the advocates of this theory. The 
fact that the esters may be formed through the silver salt may be 
readily explained by this theory. In this case the reaction does 
not involve a group directly attached to the carbonyl group; it is 
one atom removed in space from the blockading groups and 
hence can proceed without interference: 


X 


o- 

X 


o 

It.. 

C-rOH H: OR 


X retards reaction 


o 


o- 


C~0 :Ag I: CH S . 


X 

X does not retard reaction 


According to one theory of esterification, the first step in the process is the 
addition of a molecule of alcohol to the CO group of the carboxyl group. 
The resulting derivative of the ortho form then loses water forming the true 
ester: 

O OH 0 

/ x s 

RC - OH + R'OH — > RC — OH — > RC 

\>R' \>R' 


If this is the real mechanism, the “ steric hindrance ” applies to the first step 
in the process. Indeed, it is found that the rate of addition reactions of aro- 
matic aldehydes and ketones is tremendously decreased by ortho substitu- 


422 THE CHEMISTRY OF ORGANIC COMPOUNDS 


tion. It will be noted that esterification through the silver salt could not 
involve an addition reaction of the carbonyl group. 

Salicylic Acid, C 6 H 4 (OH)COOH(l, 2). This hydroxy acid is a 
solid melting at 159°; it is more soluble in water than is benzoic 
acid. Sodium salicylate is prepared by a very remarkable reac- 
tion called the Kolbe 1 synthesis which is illustrated by the follow- 
ing equation: 

iso° 

CsHsONa + C0 2 — s- 

pressure l JCOONa 

An intermediate phenol carbonate, CeHsOCC^Na, is first formed; 
this then undergoes rearrangement. 

Sodium Benzoate and Salicylate as Preservatives. Benzoic acid and sali- 
cylic acid in the form of their sodium salts are used as preservatives and very 
mild antiseptics. Enormous quantities of sodium benzoate are used each 
year in the preserving of fruits and vegetables, and in the manufacture of 
“ ketchups.” The legend u preserved with one tenth of one per cent of 
benzoate of soda ” is probably familiar to all who have had occasion to 
scrutinize the labels on cans of preserved products. Sodium salicylate is 
used to a less extent. Sodium benzoate in the quantities used in preserving 
foods is generally believed to be non-injurious, although this has been a 
subject of some controversy and discussion. Both sodium benzoate and 
sodium salicylate are extensively used in the preparation of antiseptic medic- 
inal preparations, such as tooth pastes and mouth washes. 

Medicinal Products from Salicylic Acid 

The chief use of salicylic acid is in the preparation of three 
compounds of great medicinal importance: said, aspirin, and 
methyl salicylate. Sodium salicylate itself has valuable medicinal 
properties, particularly in treating rheumatism. However, when 
taken through the mouth it is very largely absorbed in the stomach, 
and in many cases this leads to unpleasant symptoms. Chemists 
early endeavored in some way to modify the salicylic acid molecule 
so that these unpleasant effects would be overcome. 

Salol. By esterifying salicylic acid with phenol the phenyl 
ester known as salol can be prepared: 

120 ° 

3C 6 H 4 (OH)COOH(l, 2) + 3C 6 H 6 OH -f POCl 3 — >■ 

3C 6 H 4 (OH)COOC6H 5 + H 3 P0 4 + 3HC1. 

1 Hermann Kolbe (1818-1884), Professor of Chemistry at the University of 
Leipzig. 
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It should be noted that, since salol is an ester of phenol, it can not 
be prepared by the usual esterification method; a special pro- 
cedure involving phosphorus oxychloride and a relatively high 
temperature is employed. 

Salol, being an ester, passes unchanged through the stomach, 
which is acid, but is hydrolyzed in the intestines, which are alka- 
line. Phenol and salicylic acid are there liberated and absorbed. 
Salol is, therefore, a powerful intestinal antiseptic and is widely 
used as such. It is also employed as a coating for medicinal pills 
whose content is effective only if liberated in the intestines. Such 
pills pass through the stomach intact but disintegrate in the intes- 
tine. Salol is a crystalline solid melting at 42°. 

Aspirin, C 6 H 4 (OCOCH 3 )COOH(l, 2). This is another salicylic 
acid derivative, one of the most familiar of all coal tar products. 
It is made by the acetylation of the phenolic group in salicylic 
acid: 

0 COOH /\C00H 

+ (CHaCO)tO — > + CHaCOOH. 

OH IjOCOCHa 

Aspirin is a colorless solid melting at 134°; it is insoluble in water. 
Its physiological action is probably due to the fact that it is 
hydrolyzed in the intestines, liberating salicylic acid which is 
there absorbed by the system. Aspirin has become a popular 
remedy for all complaints. Nearly 4,500,000 lbs. were manu- 
factured in the United States in 1936; if this were all consumed in 
this country as five grain pills, it would correspond to an annual 
consumption of more than forty pills for each man, woman, and 
child! 

Methyl Salicylate, C 6 H 4 (OH)COOCH 3 . This ester occurs in 
certain plants and is the chief constituent of oil of wintergreen. 
It is a colorless liquid which boils at 224°, and has a pleasant 
wintergreen odor. It is made synthetically by esterifying sali- 
cylic acid in the usual manner with methyl alcohol. It is widely 
used in the flavoring industry and in the preparation of liniments 
and similar remedies for aches, sprains, and bruises. Methyl 
salicylate has the rather unusual property of penetrating the skin 
when rubbed on the surface. Probably hydrolysis takes place 
when the ester has penetrated, and the liberated salicylic acid has 
some physiological action which relieves the local pain. 
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Gallic Acid and Tannins 

Gallic Acid, C 6 H2(OH) 3 COOH(3, 4, 5-trihydroxybenzoic acid). 
Gallic acid is prepared by the hydrolysis of tannins. It is not a 
coal tar product. It is a solid soluble in water and crystallizes 
from the aqueous solution with a molecule of water of crystalliza- 
tion, which it loses on heating. When heated above 200°, it loses 
carbon dioxide and forms pyrogallol (p. 391). 

Tannins. A group of substances of vegetable origin have long 
been known as the tannins. They are amorphous powders, 
soluble in hot water and also in ether. Their solutions have a 
very astringent taste and are colored dark blue-black or greenish 
by the addition of ferric salts. This latter fact has led to the 
extensive use of tannins hi the manufacture of writing inks. 
Tannins react with proteins (Chap. XXXI) ; if the protein is 
soluble, as in the case of gelatine or white of egg, a voluminous 
precipitate is formed on adding a solution of a tannin. Insoluble 
proteins, such as the hide of animals, are changed by immersion in 
tannin solutions and the product is leather. The tanning of 
hides can also be brought about by using chromium compounds. 

Tannins occur widely distributed. For tanning hides, it is 
common to use the bark of such trees as oak and hemlock. For- 
merly, the bark and hide were soaked together in vats; the tannin 
gradually dissolved and acted on the protein material. The 
more modern practice uses extracts of vegetable matrrial rich in 
tannins. Solutions of these extracts are prepared and used in 
treating the hides. 

Gallo-taimin. The usual tannic acid of commerce is gallo- 
tannin. This is obtained principally from gallnuts, which are 
excrescences formed by the sting of insects on the branches of 
certain species of oak. Tannic acid is extracted from the powdered 
material with hot water. This material is used as a mordant in 
dyeing cotton cloth with basic dyes and also in the manufacture 
of inks. The commercial material may be further purified by 
extraction with ether or ethyl acetate; the tannin dissolves and 
is obtained by evaporation. Tannic acid is used in medicine as 
an astringent and for treatment of burns. 

The study of carefully purified gallo-tannin has shown that it 
is a material of high molecular weight, which on hydrolysis with 
dilute sulfuric acid yields gallic acid and glucose. The relative 
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amounts of the products as well as the general behavior of the 
tannin itself point to the following formula: 


' CeHvOf C g H 2 (OH ) 3 COOC 6 H 2 (OH ) 2 COO] 5 . 

This is a penta-digalloyl-glucose. It is supposed that each 
hydroxyl group of glucose is esterified by digallic acid. A meta 
digallic acid has been synthesized which has the formula: 



It will be noted that one hydroxyl group (in the meta position) 
of one molecule has formed an ester with the carboxyl group of 
the other molecule. A synthetic product obtained from glucose 
and the acid chloride of m-digallic acid resembles natural gallo- 
tannin in taste, solubility, optical activity, and the precipitation 
reactions. It is not identical with the natural material, how- 
ever. Possibly the gallo-tannin itself contains para-digallic acid 
groups. 


Phthalic Acid and Phthalic Anhydride 


The dibasic acid, phthalic acid, C 6 H 4 (COOH) 2 (l, 2), is the only 
aromatic dibasic acid of importance. It is a colorless solid 
almost insoluble in water; it melts at 191°. On heating just above 
its melting point, phthalic acid loses a molecule of water and 
forms phthalic anhydride, a cyclic anhydride: 



H 2 0. 


Like succinic anhydride (p. 202), this substance has a five-mem- 
bered ring. 

Phthalic anhydride melts at 131° and boils at 285°. It readily 
sublimes and is purified in this way. On treating with sodium 
hydroxide solution, the disodium salt of phthalic acid is formed, 
and on acidifying this solution phthalic acid precipitates: 


CO 


Cll.f' 0 + 2NaOH 
C 6 H 4 (COONa) 2 + 2HC1 



C 6 H 4 (COONa) 2 + H 2 0, 
CAiCCOOH), + 2NaCl. 
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Preparation of Phthalic Anhydride, Phthalic anhydride is of 
great importance as an intermediate in the dye and resin indus- 
tries. During 1936 over 31 million pounds were produced in this 
country. It is prepared by oxidizing naphthalene, CioH s . For 
many years this was done by using fuming sulfuric acid as an 
oxidizing agent and mercury sulfate as a catalyst: 

CH 

9 H + 9SO s 

p H (H 2 ®0 4 ) 

The enormous amoimt of sulfur dioxide evolved in the process 
was piped to a contact sulfuric acid plant. Here it was re-oxidized 
to sulfur trioxide, and used again to make more fuming sulfuric 
acid. 

The discovery that mercury sulfate is an essentiaFfactor in the oxidation 
was the result of an accident. The action of fuming sulfuric acid'on naph- 
thalene was being studied; in one experiment a thermometer used in stirring 
the mixture was broken. Much to the chemist’s surprise, excellent yields of 
phthalic acid were obtained. The action of mercury salts seems to be quite 
specific in this case, and only in their presence will fuming sulfuric acid oxidize 
naphthalene. 

Since 1918 there has been developed a process for oxidizing 
naphthalene with air at about 250°. A mixture of the oxides of 
certain rare metals is the catalyst. If the conditions are not 
carefully controlled, either complete combustion takes place or 
the naphthalene conies through unchanged. This catalytic 
process has very largely replaced the older sulfuric acid oxida- 
tion. Since phthalic acid very easily loses water, the actual 
product of the oxidation of naphthalene is not the acid but 
the anhydride. 

Phthalic Acid Resins. Next to the resins obtained from phenol and 
formaldehyde (p. 435), this class of resins is the most important. The resins 
of phthalic acid are made by heating the acid with polyhydroxy compounds 
in the presence of catalysts. During this process, esterification occurs 
between many molecules, giving substances of very high molecular weight. 
The resins of this class differ from those obtained from vinyl chloride (p. 
276), acrylic esters, or from the polymers from isoprene (p. 76) in that they 
are not simple multiples of the monomer; during the building-up process 
water is continually split out. These macromolecules resemble cellulose in 
this respect (p. 318). 



0 COOH 

+ H 2 0+2C0 2 + 9S0 2 . 

COOH 
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The polyhydroxy compounds used in preparing resins of phthalic acid are 
ethylene glycol and glycerol. With the former a long, straight chain sub- 
stance is formed which is generally termed a linear resin. The structure may 
be illustrated as follows: 

-0CH 2 CH 2 0 : COC 6 H 4 CO : OCH 2 CH 2 0 : COC 6 H 4 CO :0CH 2 CH 2 0- 

When glycerol is used poly-esterification may occur in such a way that two 
or more long chains are linked together because of the third hydroxyl group. 
These are known as three-dimensional resins. If we let P and G represent 
phthalic acid and glycerol respectively, a portion of this type of resin may be 
represented as follows: 

1 

-G-P-G-P-G- 

t I 

P P 

! i 

G-P-G-P-G- 

1 


The reactions which lead to resins are generally controlled to give products 
with suitable properties. The process is stopped at certain stages, and 
resins containing molecules of different sizes and linkages (linear or three 
dimensional) are obtained. Generally, the reaction is stopped before its 
final stage, the substance molded as desired, and then subjected to a final 
heat treatment. In the last stage, the smaller molecules unite producing 
a compound which is less soluble and higher melting than the intermediate 
product. 


Phthalimide. A cyclic imide is formed by the action of ammonia 
on warm phthalic anhydride: 

CO CO 

/ \ heat / \ 

CeH 4 o + nh 3 — > c 6 h 4 nh + h 2 o. 

Ax/" X C(/ 


It will be recalled that amides with two acyl groups attached to 
the same nitrogen atom are known as imides (p. 205). Phthal- 
imide is a crystalline solid which melts at 238°. Like the other 
amides and imides it has no basic properties, but it has weak 
acidic properties and forms a salt with potassium hydroxide. 

GabriePs Synthesis of Amines. The potassium salt of phthali- 
mide is used in the preparation of primary amines by Gabriel’s 
synthesis. The potassium atom is replaced by an alkyl group 
when potassium phthalimide is heated with an alkyl halide. The 
substituted phthalimide may then be hydrolyzed to the sodium 
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salt of phthalie acid and a primary amine. The equations for 
the reactions are : 





NaOH /\C00Na 
— +RNH 2 . 
l^JcOONa 


The advantage of this method of preparing primary amines is 
that the product is free from any secondary or tertiary amines. 

Saccharin. An artificial sweetening agent seven hundred and 
fifty times as sweet as sugar is known as saccharin. Its sweet 
taste was discovered quite by accident in the course of purely 
scientific investigation. It is now manufactured for use as a 
sugar substitute for persons who are suffering from diabetes and 
can not eat carbohydrates. It is used in very dilute solution in 
which the sweet taste is most evident; in moderately concen- 
trated solutions it has a bitter taste. Unlike a real sugar, sac- 
charin is not digested and has no food value: it is thus a sugar 
substitute only as far as its sweetening power is concerned. Dur- 
ing the sugar shortage caused by the World War it was widely 
used to make food and drink more palatable. Saccharin is the 
cyclic imide of ortho sulfobenzoic acid. It is in no way connected 
with the sugars. The reason for its sweet taste is a mystery. It 
is synthesized from toluene by the following steps: 


CHs(l) CH S (1) 

CISO 2 OH / NH 3 / 

CetUCHs — > CcH 4 — > C G H 4 

\o 2 C1(2) Xn S0 2 NH 2 (2) 

COOH(l) CO 

[O] / heat / \ 

5- CcH 4 ^C 6 H 4 NH. 

KM 11 O 4 \ \ / 

* S0 2 NH 2 (2) S0 2 


In the first step in this synthesis chlorosulfonic acid (C1S0 3 H) 
is used as the sulfonating agent, and the product is the acid 
chloride of the ortho sulfonic acid, instead of the sulfonic acid 
itself which is formed if sulfuric acid is used. The hydrogen 
of the ^>NH group in saccharin can be replaced by sodium if the 
compound is treated with sodium hydroxide. This sodium salt 
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is much more soluble than the imide itself, and it is usually in this 
form that the substance is employed as a sugar substitute. 

Other Aromatic Polybasic Acids. The isomers of phthalic acid 
are the meta compound, isophthalic acid, CeH^COOH^Cl, 3), and 
the para compound, terephthaiic acid, CoH 4 (COOH ) 2 (1, 4). They 
are both colorless, crystalline solids. It is interesting that the 
meta compound will not form a cyclic anhydride although such a 
compound would contain a six-membered ring as in the case of 
glutaric anhydride (p. 203). The reason for this failure is evident 
if one constructs a model of isophthalic acid in which all six atoms 
of the nucleus are in a plane. It will be seen that the two car- 
boxyl groups in the meta position can not come near enough 
together in space to allow the elimination of water. The chain- 
flexibility in glutaric acid permits the formation of the cyclic 
anhydride with six atoms in the ring; the rigidity of the planar 
benzene ring prevents the formation of a similar anhydride from 
isophthalic acid. 

Mellitic Acid, Cg(COOH) 6 , occurs as an aluminum salt called u honey- 
stone ” in lignite and peat beds. Mellitic acid may be prepared by the oxida- 
tion of graphite or charcoal with nitric acid. 

Acids with Carboxyl Group in the Side Chain 

A great number of saturated and unsaturated acids are known 
in which an aryl group is one or more carbon atoms removed 
from the carboxyl group. In general, these substances have the 
same chemical reactions as the corresponding aliphatic acids. 
Because of the heavy aryl group, they are usually solids and less 
volatile and less soluble than the aliphatic acids of the same 
length of chain. 

Phenylacetic Acid, C 6 H 5 CH 2 COOH. This is the simplest 
representative of a series of acids of the general formula 
Ar(CH 2 )nCOOH. It can be best prepared by the hydrolysis of 
the corresponding nitrile which is readily formed from benzyl 
chloride (p. 342) and sodium cyanide. The equations are: 

C 6 H 5 CH 2 C1 + NaCN — > C 6 H 5 CE 2 CN + NaCl, 

benzyl chloride benzyl cyanide 

acid 

C 6 H 5 CH 2 CN + 2H 2 0 — s- QH 5 CH 2 COONH 4 , 

catalyst 

C 6 H 6 CH 2 COONH4 + HC1 — C 6 H 5 CH,COOH + nh 4 ci. 
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Phenylacetie acid melts at 76° and boils at 265°. It is only 
very sparingly soluble in water. It is used in small quantities in 
the form of its ethyl ester in the perfume industry. 

Cinnamic Acid and Hydrocinnamic Acid. The unsaturated 
acid, cinnamic acid, C 6 H 5 CH = CHCOOH, is readily prepared 
from benzaldehyde by the Perkin reaction as described in the last 
chapter. It occurs in certain essential oils and plant gums. 
Four modifications of cinnamic acid are known; they are all 
crystalline solids with different melting points. The common 
form of the acid melts at 133°; it is believed to be the tram' 
form. The other modifications are different crystallographic 
forms of the cis acid; the difference in melting point is prob- 
ably due to a different arrangement of the molecules in the 
crystal as in the case of the two modifications of benzophenone 
(p. 410). 

Cinnamic acid has all the typical reactions of an a, 0 -unsatu- 
rated acid. On reduction with sodium amalgam or by catalytic 
hydrogenation, hydrocinnamic acid, C 6 H 5 CH 2 CH 2 COOH, is 
formed. This is also known as /3-phenylpropionic acid. It melts 
at 48°. 

Phenylpropiolic Acid, C 6 H 5 C s CCOOH. The ester of cinnamic acid 
readily adds a molecule of bromine forming a dibromide. On boiling this with 
alcoholic potassium hydroxide, an acid with an acetylenic linkage is formed: 

CyEUCH = CHCOOCaHfi + Br 2 — ^ CoH 6 CHBrCHBrCOOC 2 H 5 , 

ethyl cinnamate 

CeH 5 CHBrCHBrCOOC 2 H 5 + 3KOH — >■ C«H 6 C = CCOOK + 2KBr + 

C 2 H 5 OH + 2H 2 0. 

Mandelic Acid, C 6 H 6 CHOHCOOH. The addition of hydro- 
cyanic acid to benzaldehyde yields an hydroxy nitrile. This on 
hydrolysis forms an alpha hydroxy acid known as mandelic 
acid: 

hyd. 

C 6 H 6 CHO + HCN — > CcHsCHOHCN — s- C 6 H 6 CHOHCOOH. 

The hydroxy nitrile corresponding to mandelic acid occurs as 
the glucoside, amygdalin, present in bitter almonds (p. 401). Its 
enzymatic hydrolysis to benzaldehyde, hydrocyanic acid, and 
sugar has already been referred to. 

Mandelic acid is a crystalline solid which melts at 118°. Its 
reactions are those typical of an alpha hydroxy acid (Chap. XI). 
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Its ammonium salt has found use in medicine as a urinary anti- 
( septic. 

Occurrence of Aromatic Acids in Plants. It is rather interest- 
ing to note that a few aromatic acids have been found widely 
distributed in the plant kingdom. These are: benzoic acid, 
salicylic acid (usually as the methyl ester) ; gallic acid, proto- 
catechu ic acid (and ester), p-hyclroxycinnamic acid (cumaric 
acid) and 3, 4-dihydroxyeinnamic acid (caffeie acid). The 
formulas for the acids in this list which have not been previously 
considered are given below. 

CGOH CH = CHCOOH 

Cu 0 

OH OH 

protocatechuic acid p-hydroxyein- 

namic acid or p~ 

i cumaric acid 

In addition to these six substances but few other aromatic acids 
have been isolated from the plant world, and none found so widely 
distributed. The close relationship of these acids to each other is 
evident. 

Depsides. A number of compounds are found in plants in which two 
1 molecules of hydroxy acids are united through an ester linkage. For example, 

digallic acid is such a compound. The name depside has been given to this 
class of substances. Di-depsides contain two such molecules thus joined, 
tri-depsides three, etc. Gallo-tannin is thus a complex di-depside, and 
probably other tannins contain the depside linkage. 

A few simple di-depsides have been isolated from plants. One of these is 
derived from orseilinic acid, C 6 H 2 (COOH) (OH) 2 CH 3 (1, 2, 3, 5), have been 
isolated from lichens. This hydroxy acid, which contains a methyl group, 
seems to be a characteristic constituent of lichens, and is not found in other 
classes of plants. 

f QUESTIONS AND PROBLEMS 

1. Write structural formulas for the following: saccharin, gallic acid, 
aspirin, salol, oil of wintergreen, phenylacetie acid, mandelie acid, dibenzoyl 
peroxide. 

2. Describe two commercial methods of preparing phthalic anhydride. 
What are the advantages of the new method? 

3. Outline the steps in the synthesis of the following: o-chlorobenzoie 
acid (two methods) from o-toluidine; phenyl propionic acid from toluene; 
diethyl phthalate from coal tar; phenyl glyoxylic acid from benzene. 


t 

f 


CH - CHCOOH 



OH 


3, 4-dihydroxycin- 
namic acid or 
eaffeic acid 


i 
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4. Write equations showing the reactions involved in the preparation 
of pyrogallol from tannin. 

CH 3 

5* When aeetomesitylene, CH 3 <^ \ COCH 3 , is treated with 1 mole 


CH 3 

of methylmagnesium iodide, 1 mole of methane is liberated. On acidifying and 
working up the product, aeetomesitylene is recovered. Explain these results. 

6. How is salicylic acid manufactured? What important compounds 
are prepared from it? Write equations showing their preparation. 

7. When acetophenone is treated with a mixture of sodium hydroxide 
and bromine, bromoform and benzoic acid are formed. When aeetomesitylene 


is treated in the same way CH 3 


CH 3 



— COCBr 3 is formed and no 


cleavage occurs. How would you explain the diffei'ence? 

8. Outline the various methods, using equations, by -which primary 
amines may be prepared without contamination by secondary and tertiary 
amines. 

9. Which of the following acids would form cyclic anhydrides on heating 
with a dehydrating agent: CH 3 CH(COOH) 2 , C 6 H 4 (COOH) 2 (l, 3), CH 2 - 
(COOH)CH 2 CH 2 COOH, CH 2 (COOH)C(CH 3 ) 2 COOH, CH 2 (COOH)(CH 2 ) 3 - 
COOH? 


10. What is meant by the term “ steric hindrance ”? Which of the fol- 
lowing acids would you expect to be difficult to esterify with ethyl alcohol 
by the direct method: (CH 3 ) 3 CCH 2 CH 2 CO OH; (C 2 H 5 ) 2 C(CH 3 )COOH; 
2, 6-dibromobenzoic acid; 2, 4, 6-tribromophenylacetic acid, ortho nitroph- 
thalic acid? Would an isopropyl ester be easier to prepare? Give the reasons 
for your answers. 

11. Given a mixture of n-octyl alcohol, ethyl benzoate, propionic acid, and 
benzaldehyde; how would you separate these by chemical methods? 

12. Write equations showing how benzoic acid may be prepared from: 
aniline, p-toluidine, sulfanilic acid, anthranilic acid, phthalic acid. 

13. A substance A with the empirical formula C 8 H60 2 Cl2 is soluble in 
sodium bicarbonate solution from which it can be recovered on acidification. 
When boiled with alcoholic alkali, it may again be recovered unchanged 
when the solution is acidified. On vigorous oxidation, it yields a dibasic 
acid which loses water on heating. The dibasic acid is readily esterified by 
boiling with alcohol and sulfuric acid to give a diester. What is the structure 
of A? 

14. Indicate how the following pairs of compounds may be differentiated 
chemically: C 0 H 6 COC1 from HOCeH^Cl-l, 2; C c H 6 CONH 2 from C 6 H 5 - 
NHCOCH 3 ; o-C 6 H 4 (COOH) 2 from w-C 6 H 4 (COOH) 2 ; o-CH 3 OC 6 H 4 COOH 
from o~HOC 6 H 4 COOCH 3 . 

15. How many products would you expect from the addition of bromine to 
ethyl cinnamate with the formation of the dibromide? 


CHAPTER XXIV 


AROMATIC CARBINOLS AND ARYL DERIVATIVES OF 
ALIPHATIC HYDROCARBONS 

Aromatic Carbinols 

The simplest aromatic carbinol is the phenyl derivative of 
methyl alcohol, CeHsCHsOH. This is known as benzyl alcohol. 
The homologs of this substance in which the phenyl group is one 
or more carbon atoms removed from the functional group are so 
like the aliphatic compounds that we shall not consider them. 
On the other hand, the secondary and tertiary carbinols in which 

\ 

the aryl groups are directly connected to the — COH group, have 

certain peculiar and interesting reactions which are worthy of 
discussion. When the hydroxyl group itself is directly attached 
to an aryl group, we have a phenol. The distinction between 
phenols and aromatic carbinols is profound. These two classes of 
compounds have little in common: the aromatic carbinols are 
similar to the aliphatic carbinols; the phenols, on the other hand, 
are like the aliphatic enols. 

Benzyl Alcohol, C6H 5 CH 2 OH. In all its reactions this com- 
pound is a typical primary alcohol. The physical properties, 
however, are different from the simple aliphatic alcohols. It is a 
colorless liquid which boils at 206°, possesses a faint, pleasant 
odor, and is only very slightly soluble in water. 

Benzyl alcohol occurs in a variety of plants, usually as an ester. 
It is prepared for use in the perfume industry either from benzalde- 
hyde by the Cannizzaro reaction (p. 402) or by the hydrolysis of 
benzyl chloride (p. 342). 

heated 

C6H5CH2CI + H 2 0 — >• CeH 5 CH 2 OH + HC1 (neutralized by Na 2 C0 3 ). 

Na 2 C0 3 

One of the differences between benzyl alcohol and the aliphatic 
primary alcohols is that it reacts with concentrated hydrochloric 
acid at room temperature to form benzyl chloride. The rates of 
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reactions involving the hydroxyl group are somewhat increased j. 

by the presence of the phenyl group. The other reactions of j 

benzyl alcohol are those which are characteristic of a primary 
alcohol. For example, it can be oxidized to benzaldehyde and 
eventually to benzoic acid: J 

[ 0 ] [ 0 ] 

C 6 H 6 CH 2 OH — > CeHsCHO — CcHsCOOH. 

It is readily esterified by heating with an organic acid and a 
mineral acid as a catalyst. Benzyl acetate, CH3COOCH2C6H5, 
can be thus prepared. It is also formed by heating benzyl chloride 
with potassium acetate. It is a pleasant-smelling liquid used in 
the perfume industry. j 

CH 3 COOK + ClCHAHs — ^ CH 3 COOCH 2 C 6 H 6 + KC1. 

Benzyl Chloride. Benzyl chloride, C 6 H 5 CH2C1, is always 
manufactured by the chlorination of boiling toluene (p. 342). j 

Benzyl chloride is a liquid which boils at 178°; it has a pun- ] 

gent odor and, a powerful effect on the tear glands (lachrymatory 
action). j 

The halogen atom in benzyl chloride is reactive, and the typical i 

reactions of alkyl halides are also characteristic of this substance. ' j 

For example, potassium cyanide reacts with benzyl chloride, | 

forming benzyl cyanide, CeHoCTUCN (p. 429), from which 
phenylacetic acid is prepared. Such metathetical reactions of 
benzyl chloride proceed more rapidly than in the case of the 
simple primary alkyl chlorides. It will be recalled that the same } 

thing was true of allyl chloride (CH 2 = CH — CH 2 C1) while 
vinyl chloride (CH 2 = CHC1) was very unreactive (Chap. XVI). 

The phenyl group is thus similar to a vinyl group in its action; 

CeHsCl is very unreactive, while C 6 H 5 CH 2 C1 is somewhat more 
reactive than an alkyl halide. 

<=3 -ch 2 ci r 

CH* = CH - CH 2 Cl 

somewhat more reactive than 
CH3CH2CH2CI 

$ 

Hydroxybenzyl Alcohols. Ortho hydroxybenzyl alcohol, 
HOC6H4CH2OH (1, 2), is known as saligenin. It occurs as the 
glucoside, salicin, in the bark of various species of trees. The 



CH 2 « CHC 1 

very unreactive 
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wide distribution in the plant world of the oxidation prod- 
ucts of saligenin will be recalled. These are salicylic aldehyde 
(and its condensation product, coumarin) and salicylic acid. 
The chemical changes which occur in growing plants certainly 
include oxidation and reduction reactions; very probably all 
these ortho hydroxyl compounds have a common biochemical 
origin. 

A mixture of ortho hydroxybenzyl alcohol and para hydroxy- 
benzyl alcohol, HOC 6 H 4 CH 2 OH (1, 4), is formed by the con- 
densation of phenol and formaldehyde in the presence of alkali. 
This reaction is very similar to an aldol condensation (p. 117); 
the hydrogen in the ortho or para position is the equivalent in 
this case of the alpha hydrogen atom of a ketone or aldehyde. 
Like the aldol condensation, the reaction appears to be rever- 
sible: 

9v 

H 2 C+ m \ } OH ^ HOCH 2 )> OH. 

Both hydroxybenzyl alcohols on further heating with alkali form 
resins; this is the result of the formation of a large molecule by 
repeated condensation. A similar or perhaps identical product is 
formed as the result of the heating of phenol and formaldehyde 
with ammonia (Bakelite, p. 354). 

Cinnamic Alcohol, C 6 H 5 CH = CHCH 2 OH. This unsaturated 
alcohol is found in plants combined with cinnamic acid. The 
ester of cinnamic alcohol and cinnamic acid is the principal 
constituent of many balsams, of which the commonest is storax. 
As in the case of the ortho hydroxybenzyl alcohol derivatives, 
the occurrence in plants of cinnamic alcohol, cinnamic alde- 
hyde, and cinnamic acid points to a ready biochemical inter- 
conversion of these compounds. The wide distribution of 
benzaldehyde (usually as a complex glu coside) is also of signifi- 
cance as the cinnamic compounds are transformed into this alde- 
hyde by oxidation or formed from it by condensation (p. 404 
and p. 405). 

Cinnamic alcohol crystallizes in white needles which melt at 35° 
to a liquid which boils at 257°. It has the odor of hyacinth, and is 
used in the perfume industry. It may be prepared synthetically 
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by the cautious reduction of cinnamic aldehyde (certain reducing 
agents, in particular aluminum isopropylate (p. 115), will reduce 
the aldehyde group to CH 2 OH without attacking the ethylenic 
linkage). Cinnamic alcohol may be regarded as a phenyl deriva- 
tive of allyl alcohol (p. 277). Its chemical properties are very 
similar to those of the parent compound and need not be enumer- 
ated again. 

Coniferyl alcohol occurs as the glucoside, coniferin, in the sap of 
coniferous trees. It is related to vanillin just as cinnamic acid is 
related to benzaldehyde: 

CH s O CHsO 

HO<^ )>CH = CHCH 2 OH, HO<( )>CHO, 

coniferyl alcohol vanillin 

HO 

HO<( )>CH = CHCOOH. 

caffeic acid 

Caffeic acid (p. 431) is the corresponding acid but with the tw T o 
phenolic groups free. 

Lignin. It will be recalled that the cellulose aggregates in wood 
fiber are associated with an amorphous material of high molecular 
weight known as lignin (p. 317) . Investigations of this amorphous 
material indicate that it is probably related to coniferyl alcohol 
and caffeic acid. Like other natural products of high molecular 
weight, there seems to be a regular recurrence of a definite 
structural unit. The probable fundamental unit of lignin is 
indicated in the following formula which has been tentatively 
suggested: 

-o/ Sch 2 chohch 2 

CH 3 0 

structural unit 

The units are joined by the ether linkage from one primary 
hydroxyl group to the phenolic group of the next molecule. 
Coniferyl alcohol could be formed from a molecule of the simple 
unit by dehydration; caffeic acid would result from oxidation and 
demethylation. 


7 Q<^ )>CHqCHOHCH 2 - 

;ch 3 o 

• structural unit 
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Synthesis of Secondary and Tertiary Carbinols. Secondary 
and tertiary alcohols containing aryl groups may be prepared by 
the same reactions as were employed in the aliphatic series. For 
example, benzophenone on reduction yields the secondary alcohol, 
diphenylcarbinol, Ce^CHOHCeHs (m.p. 68°). The same ketone 
on treating with phenyl magnesium bromide forms triphenyl- 
carbinol: 


[H] 

C 6 H 6 COC 6 H 5 — > CoH 5 CHOHC 6 H5, 

diphenylcarbinol 

CeHoCOCeHs + C 6 H 5 MgBr — 5- (C 1 H 5 ) s COMgBr, 


HoO 

(C 6 H 5 ) 3 COMgBr — > (C 6 H 6 ) 3 COH. 

triphenylcarbinol 

Another obvious method of preparing triphenylcarbinol is by 
the action of phenyl magnesium bromide on ethyl benzoate: 

CeHsCOOCaHs + 2C 6 H 5 MgBr — > (C 6 H 5 ) 3 COMgBr + C 2 H 6 OMgBr, 
H 2 0 

(C 6 H 6 ) 8 COMgBr — > (C 6 H 5 ) 8 COH. 

Degradation of Carbon Chain. In recent years the Grignard reagent pre- 
pared from bromobenzene has been employed in a series of reactions which 
enable one to degrade the carbon chain of an acid step by step. With complex 
substances this method has proved superior to that outlined on page 214. 
The principle of the two methods is not dissimilar. The ester of the acid in 
question is converted to a carbinol by the reaction given above. The carbinol 
on oxidation is cleaved to benzophenone and an acid with one less carbon than 
the original acid. 

CeHsMgBr 

RCH 2 COOH — ^ ester — RCH 2 C (OH) (C 6 H 6 ) 2 

jcr0 3 

RCOOH 

If a branched chain is present in the position next to the carbonyl group, a 
ketone is formed as the first oxidation product. However, with the strong 
oxidizing agent employed (Cr0 8 ), the ketone is usually not isolated but is 
oxidized with further cleavage to an acid. Thus, if a methyl group is located 
on the carbon atom adjacent to the carboxyl group, the result of this degrada- 
tion is an acid with two less carbon atoms than the original acid: 

R(CH 3 )CHCOOH — > RCOCHs — RCOOH. 
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Triphenylcarbinol. This compound is a colorless solid which 
melts at 163°. It is the simplest representative of a large class of 
compounds of the general formula Ar 3 COH. Many of such 
compounds have been synthesized because of their interesting 
and somewhat unusual chemical properties and their relation to 
the triphenylmethane dyes, which will be considered in a following 
chapter (Chap. XXX). 

As would be expected from the fact that it is a tertiary alcohol, 
triphenylcarbinol is not oxidized. Since there is no hydrogen 
atom on a carbon atom adjacent to the functional group, it can 
not lose water and form an unsaturated hydrocarbon as most 
aliphatic alcohols so readily do. 

It will be remembered that tertiary butyl alcohol as a typical 
tertiary alcohol reacts very rapidly with hydrochloric acid; the 
same is true of triphenylcarbinol. The hydroxyl group is perhaps 
even more readily replaced than in the aliphatic tertiaiy alcohols, 
since the influence of the phenyl group (noted even in benzyl 
alcohol) is in this direction. When dry hydrogen chloride is 
passed into a solution of the carbinol, the corresponding chloride 
forms almost at once: 

(G 6 H 6 ) s COH + HC1 — > (C 6 H 5 ) 3 CC1 + H 2 0. 

rapidly 

When the carbinol is treated with acetyl chloride, the hydroxyl 
group is replaced by chlorine instead of the acetate being formed. 
This may be considered as indicating that the hydroxyl group is 
very reactive, and the hydrogen very tmreactive. The same 
reaction takes place with the few tertiary, aliphatic carbinols 
which have been studied. 

(C s Hs)sC : OH + CHaCO: Cl — s- (C 6 H s ) 3 CCl + CH 3 COOH. 

Triphenylchloromethane, (C 6 H 5 ) 3 CC1. This chloride may be 
readily prepared from the corresponding carbinol as we have 
seen. It can also be conveniently synthesized by the Friedel- 
Crafts reaction from benzene and carbon tetrachloride; the 
temperature of the reaction mixture is in this case kept higher 
than when the dichloride is made from the same reactants (p. 411) : 

AlCh 

3C 6 H 6 + CCb — > (C 6 H s ) 3 CC1 + 3HC1. 
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Triphenylchloromethane is a colorless solid which melts at 
112°. The chlorine atom is replaced with extraordinary ease 
by a hydroxyl or inethoxyl group when allowed to react with 
water or alcohol: 


(C 6 H 6 ) 3 CC1 + H 2 0 — ^ (CcEWaCOH. 

rapidly 

The peculiar compound formed by treating triphenylchlo- 
romethane with metals will be discussed later in this chap- 
ter. 

Basicity of Triarylcarbinols. Triphenylcarbinol and its derivatives dis- 
solve in concentrated mineral acids with the formation of highly colored salts. 
This phenomenon is known as halochromism. In the case of triphenylcar- 
binol, concentrated sulfuric acid is necessary in order to obtain the complete 
conversion to the halochromic salt. The para trimethoxy derivative, 
(CHsOCeBWaCOH, however, forms a halochromic salt even with aqueous 
hydrochloric acid. These halochromic salts may be isolated in many cases 
as highly colored crystalline solids; the perchlorates are particularly easily 
obtained. A study of these peculiar compounds has shown that they are 
salts formed from the carbinol and acid by loss of water. Since the positive 
charge is probably located on a carbon atom they are often called carbonium 
salts. Like almost all ionic reactions, their formation or hydrolysis is prac- 
tically instantaneous. 

(C 6 H 6 ) 3 COH + IIX (C 6 H 5 ) 3 C + + X~ + H 2 0. 

highly colored 

It should be noted that the colorless triphenylchloromethane is not a 
halochromic salt. On dissolving it in some solvents, however, it probably 
dissociates at least in part, forming the colored ion, (C 6 H 5 ) 3 C + , and the chloride 
ion. 

It is extremely probable that the basicity of triphenylcarbinol is 
due to the fact that the resulting ion is an ionic hybrid being 
stabilized by a considerable amount of resonance energy. The 
resonating structures would be those in which the positive charge 
is located at. the ortho or para positions of the aromatic nuclei, 
which are in the ortho or para quinoid state. Two such structures 
would be possible for each aryl group. The structure of one may 

= H 

be written as (Cells) *C = An ion R 3 C + in which 

all the groups are alkyl would not have the possibility of resonance* 
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It is significant that the trialkyl carbinols do not have basic 
properties. 

Aryl Derivatives of Aliphatic Hydrocarbons 

Aryl Derivatives of Methane. Toluene is the simplest aryl 
derivative of methane. The phenyl derivatives of methane are 
listed below, together with their physical properties: 


Physical Properties of Phenyl Derivatives of Methane 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Toluene 

CcHsCHa 

- 95° 

111 0 

Diphenyimethane 

(C 6 H 5 ) s CH 2 

27° 

262° 

Triphenylmethane 

(CcH 5 ) 3 CH 

92° 

359° 

Tetraphenylmethane 

(CaH 6 ) 4 C 

285° 

431° 


With the exception of the tetraphenyl compound, they are all 
relatively easily oxidized. The final products are benzoic acid, 
benzophenone, and triphenylcarbinol, respectively: 


[O] [03 

CsHsCHa — > CcHsCHO — > CeHgCOOH, 


C 6 H 5 


c 6 h 5 


\ [0] [O] 

CH,— : > (QHsACHOH — > (CeH 6 ) 2 CO, 


[ 0 ] 

(C 6 H 5 ) 3 CH — >• (C 6 H fi ) 3 COH. 
Cr0 3 

very rapid 


The ease with which the last two oxidations may be brought 
about illustrates the influence exerted by the accumulation of 
phenyl groups on the carbon atom. 

Triphenylmethane. This hydrocarbon may be synthesized 
from benzene and chloroform by the Friedel-Crafts reaction: 

AlCh 

3C 6 H 6 + CHCls — > (C 6 H 5 ) 3 CH + 3HC1. 
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It may also be prepared by reducing triphenylchloromethane 
with zinc and an acid or from the ethyl ether of triphenylcarbinol 
by heating with aluminum chloride. In this reaction, the ethoxy 
group is oxidized to acetaldehyde : 

AICI 3 

(CeHaJsCOCHaCHa — > (C G H 5 ) 3 CH + CH 3 CKO. 

Acidic Properties of Triarylmethanes. The triarylmethanes, ArsCH, of 
which triphenylmethane is an example, have very weak acidic properties. 
Triphenjdmethyl sodium, (CoHs^CNa, may be formed, for example, by the 
action of metallic sodium in liquid ammonia solution on the hydrocarbon: 

(C G H 6 ) 3 CH + Na — ^ (CeH 5 ) 3 CNa + [H]. 

Such salts of the arylated methanes are highly colored, and soluble in organic 
solvents. They are undoubtedly somewhat dissociated into the ions 
(C 6 H 5 ) 3 Cr and Na + . A similar salt of diphenylmethane may be prepared by 
indirect methods. The diaryl-methanes are much weaker acids than even 
the triaryl-methanes, however. The effect of the phenyl group on the methane 
carbon atom is thus cumulative. Triphenylmethane is a much weaker acid 
than even an aliphatic alcohol, and sodium triphenylmethyl reacts with alcohol 
as follows: 

(C 6 H 5 ) 3 CNa + C 2 H 5 OH — > (C c H 5 ) 3 CH + NaOC 2 H 5 . 

It is a matter of considerable interest that triphenylmethane has weakly 
acidic properties and triphenylcarbinol weakly basic properties. The presence 
of three phenyl groups appears to make possible the formation of either the 
ion (C 6 H 5 ) 3 C + or (CeBWsCT. The explanation of the stability of these ions 
as compared to similar ones containing only alkyl groups is that the presence of 
aryl groups permits of resonance. 

Hexaphenylethane. Hexaphenylethane, (CeBWsC — C (CJBWs, 
has some very remarkable properties which are not at all 
characteristic of the parent hydrocarbon, ethane. The accumu- 
lation of phenyl groups, in this instance as in the case of 
triphenylcarbinol and triphenylmethane, has markedly altered 
the chemical reactions. 

Hexaphenylethane was first prepared in 1900 by Gomberg. 1 
The reaction he employed was similar to a Wurtz reaction: 

2(C 6 H5)sCC 1 + 2Ag — (C 6 H 6 ) 3 C-C(C 6 H 5 ) 3 + 2AgCl. 

The resulting compound was a colorless, crystalline solid, as 
one would expect. But quite contrary to expectations its solutions 

1 Moses Gomberg (1866-). Professor of Chemistry at the Universitj'- of Michi- 
gan. 
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were orange , and more surprising still they absorbed oxygen from the 
air with great rapidity. The oxygen absorption discharged the 
color of the solution, and a new, colorless, crystalline material 
separated. This compound on analysis proved to be a peroxide, 
(C6 Hi) 3 C-0-0-C(C«H b )8. 

A careful study of hexaphenylethane and other hexaryl- 
ethanes has shown that the peculiar behavior of these substances 
is due to the fact that in solution they are dissociated into free 
radicals . Thus, in a solution of hexaphenylethane there is 
always a mobile equilibrium between hexaphenylethane itself 
and triphenylmethyl, (CeHs^C — , the so-called free radical. 

(C 6 H 6 ) 3 C--C(C 6 H5) 3 2(C c H 5 ) 3 C~. 

This free radical is colored and extraordinarily reactive. It 
combines with oxygen and halogens and is irreversibly polymer- 
ized in the presence of acids. The degree of dissociation increases 
with dilution according to the law of mass action. The equi- 
librium is shifted in favor of the free radical by raising the tempera- 
ture. At 5° the dissociation of hexaphenylethane in a two per 
cent solution is not more than a few per cent. At 80°, however, 
the dissociation is 20 per cent, as shown by the molecular weight 
determination in freezing naphthalene. 

Other Free Radicals. Some hexarylethanes have been synthe- 
sized which are practically completely dissociated in solution at 
room temperature. Probably the crystalline solid even in such 
cases, however, is the ethane and not the free radical. In solu- 
tion, at least, a number of organic compounds exist in a form 
in which one of the carbon atoms is trivalent. These free radicals 
are exceptions to the general rule of the tetravalence of carbon, 
but their existence in no way affects the validity of the structural 
theory which was largely developed before their existence was 
discovered. The carbon to carbon linkage in ethane (CH 3 — 
CH 3 ), butane (C 2 H 5 - C 2 H 5 ), and diphenyl (C 6 H 5 - C 6 H 5 ) is 
very different from that in hexaphenylethane. These simpler 
compounds do not dissociate into free radicals; if the correspond- 
ing free radicals are ever formed in the course of a reaction, they 
apparently firmly unite. 

The difference between ethane and hexaphenylethane probably 
is connected both with the peculiar degree of unsaturation of aro- 
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malic groups and with the fact that they occupy more space than 
simple alkyl groups. Neither tetraphenylmethane, tetraphenyl- 
ethane, nor pentaphenylethane at room temperature shows any of 
the peculiarities of hexaphenylethane. On the other hand, deriva- 
tives of ethane with only four aryl groups and two branched alkyl 
groups have been prepared which, like hexaphenylethane, are 
dissociated into free radicals. 

The action of aromatic groups in promoting the dissociation is 
welkexplained by the assumption that the free radical is stabilized 
by resonance of the radical due to the possibility of the free bond 
shifting into the aromatic ring. The effect of the branched alkyl 
groups is probably due to their steric effect in weakening the 
C—C linkage. 

For many years all attempts to prepare free methyl and free 
ethyl radicals were without success. The products were always 
the well-known saturated or unsaturated hydrocarbons. How- 
ever, evidence has been obtained that free methyl and free ethyl 
groups are formed at high temperatures by the thermal decomposi- 
tion of hydrocarbons or metallo-organic compounds. Thus the 
vapor of lead tetramethyl, Pb(CH 3 ) 4 , when passed rapidly through 
a hot tube decomposes with the formation of some free methyl 
groups, CH 3 — . These very soon combine to form ethane, how- 
ever, and their presence can only be detected by special methods. 
It is evidently quite out of the question to isolate free alkyl 
groups. 

A group of peculiar compounds known as the metallic ketyis also contain 
a trivalent carbon atom. These may be prepared in solution by the action 
of metallic sodium or potassium on diaryl ketones. 

(C 6 H 5 ) 2 CO + Na — > (C 6 H 5 ) 2 C - ONa. 

a sodium ketyl 

They are deep blue compounds which are very reactive towards oxygen or 
moisture. For this reason, like hexaphenylethane, they can only be prepared 
in the absence of oxygen. 

Odd Molecules. Spurred on by Gomberg’s discovery, a num- 
ber of investigators have discovered compounds in which the ele- 
ments have abnormal valence. Thus a number of free radicals 
containing divalent nitrogen have been prepared and a few which 
probably have a monovalent oxygen atom. All these substances 
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and those containing trivalent carbon atoms have been classed 
together as compounds whose molecules contain an uneven num- 
ber of electrons and are therefore “ odd molecules.” These “ odd 
molecules ” are all colored in solution, have a great tendency to 
become “ even,” and thus react with a variety of reagents adding 
one atom or group to the unsaturated atom. 

Aryl Derivatives of Ethylene. The simplest representative of 
this class of compounds is styrene, CeHsCH = CH 2 . It is found 
in storax, where it is probably formed by decomposition of the 
cinnamic compounds which are present. It may be prepared by 
heating cinnamic acid: 

CeHeCH - CHCOOH — C 6 H 5 CH = CH 2 + C0 2 . 

Styrene is prepared industrially by several methods. In one of 
these ethyl benzene is dehydrogenated by heating in the gas phase 
at a high temperature in the presence of the oxides of certain metals. 

Styrene is a very reactive unsaturated hydrocarbon. It readily 
polymerizes to substances of high molecular weight when heated 
with various catalysts. These polymers find industrial use as resins. 

Symmetrical diphenylethylene, C 6 H 5 CH = CHC 6 H 5 , is known 
as stilbene. It may be prepared as follows: 

2C 6 H 6 CHC1 2 + 2Zn — > C 6 H 6 CH - CHC c Ii 5 + 2ZnCl 2 . 

Both the cis and trans forms of stilbene are known. One is a 
solid (m.p. 124°), the other an oil. 

Tetraphenylethylene, (C 6 H 5 ) 2 C = C(C 6 H 5 ) 2 , is a substance in 
which the accumulation of phenyl groups around the ethylenic 
linkage has produced a marked effect. It will not combine with 
bromine , but does react with chlorine, forming a dichloride. 

(C 6 H 5 ) 2 C = C(C 6 H 5 ) 2 + Cl 2 — (C fi H 5 )2CClCCl(C 6 H 5 ) 2 . 

Other tetraaryl derivatives of ethylene have been prepared which 
will combine with neither bromine nor chlorine. These facts 
illustrate how a characteristic reaction of a particular linkage may 
disappear in a highly substituted derivative, particularly if the 
substituents are phenyl groups or unsaturated groups. Although 
tetraphenylethylene will not form a dibromide, it is reduced by hy- 
drogen and a catalyst and combines with ozone. Therefore, towards 
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certain reagents the reactivity of the double linkage is unim- 
paired. 

The double linkage in tetraphenylethylene differs from that in ethylene 
not only by its failure to combine with bromine, but by its reactivity towards 
a reagent which has no effect on the aliphatic hydrocarbons. This reagent is 
metallic potassium which combines with tetraphenylethylene forming a highly 
colored metallic compound. 

(QsBWsC = C(CoH 5 ) 2 + 2K — ^ (C 6 H 5 )2C - C(C 6 H 5 )2. 

K K 

When the addition compound is treated with bromine, the potassium atoms 
are removed and the unsaturated hydrocarbon regenerated. With water, 
the metallic atoms are replaced by hydrogen : 

(C 6 H 3 ) 2 C - C(C 6 H 5 )2 + 2H 2 0 — > (C«H») 2 CHCH(CaH 5 )*-+ 2KOH. 

I I 
K K 

With carbon dioxide a substituted succinic acid is formed: 

(C 6 H5)2CKCK(C 6 H 6 )2 + 2C0 2 — (C 6 H 6 ) 2 C C(C 6 H 5 ) 2 . 

COOK COOK 

QUESTIONS AND PROBLEMS 

1. Write structural formulas for: diphenylcarbinol, saligenin, cinnamic 
alcohol, tetraphenylethylene, coniferyl alcohol, triphenylbromomethane, 
triphenylmethyl peroxide. 

2. Outline steps in preparation from coal tar of : triphenylcarbinol, ethyl 
ester of cinnamic acid, diphenylmethane, / 3 -phenyl-ethyl alcohol, benzyl 
benzoate, p-aminophenylacetic acid, m-nitro-cinnamic acid, benzylamine, 
diphenylcarbinol, and triphenylehloromethane. 

3. State carefully in what respects hexaphenylethane differs from ethane 
or symmetrical diphenylethane, C6H5CH2CH2C6H5. 

4 . Compare the chemical properties of phenol and benzyl alcohol; cinna- 
myl alcohol and phenyl ethyl alcohol; chlorobenzene and benzyl chloride. 
How do you account for the differences in properties? 

5. Write balanced equations for the following reactions: (a) (CeHgJsCOH 
+ CH3COCI; (b) (C 6 H 5 ) 3 CC1 + H 2 0; (c) (C 6 H 5 ) 2 CH 2 + [O]; (d) C 6 H 5 CH 
= CHCOOH (heated); (e) C 6 H 5 COOAg + C 6 H 5 CH 2 Br. 

6. Outline steps in the preparation of the following from benzene and an 
aliphatic compound: (a) cinnamyl alcohol; (b) diphenylethylcarbinol; (c) 
symmetrical diphenylethane; (d) coniferyl alcohol. 

7. Discuss the behavior of the following compounds towards oxidizing 
agents: toluene, diphenylmethane, triphenylmethane, 'and tetraphenylmethane. 
Suggest some reason for the relative ease of oxidation of these compounds. 
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8. How are the ortho and para hydroxybenzyl alcohols prepared? What 
reaction in aliphatic chemistry is analogous to their mode of preparation? 

9. A hydrocarbon, C17H18, on oxidation with CrOa yields benzoic acid and 
an acid, CioHi 2 0 2 . The ester of the latter was treated with an excess of 
CeHfiMgBr and the product oxidized; benzophenone and p-tolylacetic acid 
were the products. What is the structure of the hydrocarbon C17H18? 

10. Write formulas for all the resonating structures of: (a) the ion of 
sodium triphenylmethyl; (b) the ion of the halochromic salt of diphenyltolyl- 
carbinol; (c) tri-(p-bromophenyl) methyl. 




CHAPTER XXV 

NAPHTHALENE, ANTHRACENE, AND PHENANTHRENE 


Naphthalene, anthracene, and phenanthrene are present in the 
higher fractions which are obtained in the industrial refining of coal 
tar. The production of the first two substances on a large scale 
has resulted in their use in the manufacture of a great number of 
very important dyes. The three high-boiling, solid hydrocarbons, 
as we shall see, are aromatic compounds, but differ in certain 
important respects from benzene. Since there are two or more 
rings condensed together in the molecule of each of these sub- 
stances, they are classified as condensed polynuclear aromatic 
hydrocarbons. 

Naphthalene. Naphthalene, Ci 0 H 8 , is a white crystalline solid 
which melts at 80° and boils at 218°. It has an appreciable vapor 
pressure even at room temperature and readily sublimes on warm- 
ing. Naphthalene has a pungent odor, and is commonly sold in 
flakes or balls for use as a protection against moths. It is prepared 
from coal tar as outlined on page 324. Since it occurs in relatively 
large amounts and is easily purified by distillation or sublimation, 
it is one of the cheap raw materials of the coal tar chemical indus- 
try (coal tar crudes). In 1935, over 47 million pounds of naphtha- 
lene were produced in the United States alone; however, to meet 
our demands, it was still necessary to import about the same 
quantity. 

Naphthalene is very similar to benzene in many of its chemical 
properties. It can be nitrated, sulfonated, and halogenated; it 
yields two isomeric monosubstitution products and ten isomeric 
disubstitution products. It is represented by the following formula 
which adequately accounts for these isomers : 


CH 


HC 

I 

HC 




\ 


CH 


V 

II 

c 

/ V 


CH 




CH 

I 

CH 


CH' 





outline formula 
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The formula on the right is commonly employed. The mono- 
substitution products are divided into two classes, designated as 
alpha and beta: 


Br 



a-bromonaphthalene or /S-bromonaphthalene or 

1-bromonaph thalene 2-bromonaphthalene 

The position of substituents is also often indicated by numerals, 
as shown above. Clearly the 1, 4, 5, and 8 positions are the so- 
called alpha positions and 2, 3, 6, and 7 positions are the beta 
positions. All the alpha positions are equivalent to each other; 
the same is true of the beta positions. In other words, there are 
two and only two monosubstitution products. 

Proof of the Structure of Naphthalene. As we have seen (p. 
426), naphthalene is readily oxidized to phthalic anhydride and 
indeed is the industrial source of the anhydride and the corre- 
sponding acid: 


CioHs 


+ 9[0] 


Aco 


CO 


y>0 + 2C0 2 + 2H 2 0. 


phthalic anhydride 


The fact that naphthalene yields phthalic acid on oxidation indi- 
cates the presence of one benzene ring in the molecule. A study 
of the oxidation of certain substituted naphthalenes establishes 
the presence of two condensed six-membered rings. The evidence 
is as follows: (1) by oxidizing alpha nitronaphthalene, nitroph- 
thalic acid is produced: 



This proves that the ring ( marked A above) which holds the nitro 
group is a six-membered ring. (2) Alpha nitronaphthalene on 
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reduction yields alpha aminonaphthalene and this on oxidation 
forms phthalic acid. In the first case the substituent (the nitro 
group) makes the ring difficult to oxidize; in the second, the amino 
group facilitates the oxidation. 




COOH 

COOH. 


The fact that a-aminonaphthalene yields an unsubstituted 
phthalic acid proves that the unsubstituted ring (■ marked B) in 
this compound and in a-nitronaphthalene is also a six-membered 
ring . Therefore, it seems clear that naphthalene has two con- 
densed six-membered rings . The carbon skeleton is thus estab- 
lished beyond question. The distribution of the hydrogen atoms 
about this skeleton is determined by the fact that there are two, 
and only two, monosubstitution products. Only a symmetrical 
distribution of the eight hydrogen atoms would lead to such a 
situation. 

Like the benzene problem, the method of formulating the 
unsaturation of naphthalene has been much discussed. Just as 
in benzene one might at first sight expect two isomeric ortho 
disubstituted benzenes, so in naphthalene one might expect to find 
isomers of the type: 



Such isomers have never been found. It w r ill be noted that, as in 
the case of benzene derivatives, if such isomers existed they would 
be interconvertible without the shift of any atom or group. For 
most practical purposes, chemists usually employ the simple out- 
line formula for naphthalene, though formulas essentially requiring 
an oscillation of bonds between types I and II above, centric for- 
mulas and a Thiele formula with a certain “ free valence ” at 
positions 1, 4, 5, and 8, and various electronic formulas find their 
advocates. We shall return to this problem after considering 
some reactions of naphthalene. 
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Addition Reactions of Naphthalene. Naphthalene has a more 
pronounced unsaturated character than benzene or its alkyl 
derivatives. Its oxidation to phthalic acid is one example of 
this. Naphthalene can be reduced by sodium and alcohol, a 
reagent which will not attack benzene. Four hydrogen atoms 
are taken up in pairs. The tetrahydronaphthalene now behaves 
like a dialkyl benzene and is very resistant to further hydro- 
genation: 


H H H 

hcAAch h/ 

I II I +2[H] — ■>- I 
HC C CH HC 

V V x 

H H 


H 2 

C 


\)H 2[H] 
II II — ^ 

C CH 

v 

H H 2 


H H 2 

HCf^ N 'C / \lH 2 
I II I 
HC C CH 2 

CH 2 


Naphthalene combines with four chlorine atoms more easily than 
benzene forms a hexachloride (p. 328). The resulting naphthalene 
tetrachloride is clearly a benzene derivative just as is the tetra- 
hydro compound mentioned in the preceding paragraph: 


H H 

HC^ V \)H 

I II I + 2C1 2 

HC C CH 

V V 

H H 


CHC1 
/\/ \ 

CHCI 
I 

. , CHCI 

V\ /■ 

CHCI 


naphthalene 

tetrachloride 


On heating naphthalene tetrachloride, hydrochloric acid is eliminated from 
the molecule and a mixture of chloronaphthalenes results. These are sub- 
stitution 'products of naphthalene, of course. Such facts have led many 
chemists to believe that all substitution reactions in aromatic chemistry 
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(benzene derivatives included) are preceded by direct addition of the reagent 
to the double linkage of the aromatic compound. Careful studies of the rates 
of such reactions seem to indicate clearly, however, that this is not the mecha- 
nism of the usual course of aromatic substitution reactions. 

Affinity of Naphthalene in Addition Reactions. As the facts given above 
indicate, naphthalene differs from benzene in that the energy relationships are 
such that the addition reaction with one pair of hydrogen atoms goes to 
essential completion. Unlike benzene, the reaction is exothermic but like 
benzene the energy liberated is of a different order of magnitude from that 
evolved when an ordinary double bond is hydrogenated. The addition of H 2 
to naphthalene evolves only about 6-9 kg. cal. as compared to 28-30 for 
ethylene derivatives. In terms of resonance, we may say that the increase 
of stability due to the possibility of the existence of a number of different 
electronic formulas for naphthalene is great, but not so great as in the case of 
benzene (p. 329). This is undoubtedly due in large part to the fact that 
naphthalene is not as symmetrical a molecule as benzene. 

Substitution Reactions of Naphthalene Derivatives. The 

typical aromatic reactions of benzene are also characteristic 
of naphthalene. Halogenation and nitration of naphthalene 
produce the alpha isomer. Sulfonation also goes in the same 
way, but at a higher temperature the alpha isomer rearranges 
to the beta: 



a-bromonaphthalerte 



The introduction of a second substituent into the naphthaleneTing follows 
the same general principles which we found to apply in the case of benzene. 
The nature of the group already present determines the position of the entering 



452 THE CHEMISTRY OF ORGANIC COMPOUNDS 

group. As a general* rule, meta-orienting groups (NO 2 , S0 3 H) cause the 
entering group to go into the other ring; this is in accord with the fact that 
the presence of such groups in a nucleus makes the introduction of a second 
substituent more difficult. Apparently the retarding influence of a meta- 
orienting group is confined to the ring to which the group is attached. The 
ortho and para orienting groups (OH and NH 2 ) direct the incoming group to 
the 2 or 4 position (equivalent to the ortho and para positions in benzene). 
The same groups in the beta position favor the introduction of the second 
substituent in the alpha position or in the other ring. The following examples 
will serve as illustrations: 



The Naphthols. The mono-hydroxy derivatives of naphtha- 
lene may be prepared from naphthalene by a process identical with 
that used for obtaining phenol from benzene. Thus, the two 
isomeric naphthols may be prepared as follows: 



^-naphthalene /3-naphthol 

sulfonic acid 
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Alpha naphthol, C10H7OH (a), and beta naphthol, C1GH7OH (#), 
are solids melting at 95° and 122° and boiling at 279° and 285° 
respectively. They resemble phenol in their general reactions; 
they are weak acids, soluble in sodium hydroxide solution but not 
in sodium bicarbonate solution. They are prepared in large 
quantities for use in the manufacture of azo dyes (p. 548). They 
readily couple with diazonium salts; a-naphthol couples in the 4 
position, /3-naphthol in the 1 position. 

An interesting synthesis of a naphthol from a side-chain benzene derivative 
illustrates how readily the naphthalene structure is formed. By heating a 
ft Y-unsaturated acid which has a phenyl group in the gamma position, water 
is eliminated; the first product of the reaction is probably the ketonie form of 
a-naphthoi, which immediately shifts to the enolic form. 


O 



7-phenyl-A/3, 7-butenoic acid unknown ketonie 

form of alpha 
naphthol 

The ketonie forms of the naphthols are unknown. 

Concerning the 1 and 3 Positions in Beta Substituted Naphthalenes. 
At first sight it may seem remarkable that in the sulfonation of beta naphthol, 
no monosulfonated product is formed with a sulfonic acid group in position 3. 
By analogy with phenols one would expect that both ortho positions to the 
hydroxyl group in beta naphthol would be reactive. As a matter of fact, 
position 3 is very different from position 1. This is brought out most strik- 
ingly by a consideration of the coupling of naphthols with diazonium salts... 
Beta naphthol couples exclusively in the alpha position (1) and if this position 



is occupied by some atom or group other than hydrogen, no coupling occurs 
even under the most drastic conditions. Though preferential coupling 
between two ortho positions in phenols is known, there is no analogy in the 
benzene series for this failure of the coupling reaction to proceed when an ortho 
position to OH is free. This and similar facts lead one school of chemists to 
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write the formula of beta naphthol with the linkages as indicated above. It is 
argued that if any of the isomers with the double linkage between atoms 2 and 
3 were present, coupling should proceed in the 3 position as with phenols. 
Extrapolating from the hydroxy compound to the hydrocarbon such chemists 
prefer to write a naphthalene formula with all the double linkages shown and 
arranged as follows: 



A Useful Naphthalene Formula. We have seen that there is no advantage 
to be gained from writing the double bonds into the formulas for benzene 
compounds. In the case of naphthalene, however, there is no doubt that as a 
matter of mere convenience there is much to be said for adopting such a prac- 
tice. This is even more true of the still more complicated hydrocarbons with 
three rings. The formula above, as compared to an ambiguous outline 
formula or a centric formula or one with oscillating linkages, enables the reader 
to remember such facts as the failure of 2, 7-dihydroxy naphthalene to couple 
when both the 1 and 8 positions are occupied. 



(It will not couple unless R or R' equals H.) Furthermore, this formula 
emphasizes the fact that while the affinity of naphthalene for hydrogen is 
much less than that of ethylene derivatives, it is much greater than that of 
benzene. In the reduction of naphthalene a pair of hydrogen atoms is added 
in either the 1, 2 or 1, 4 positions corresponding to 1, 2 and 1, 4 addition to 
conjugated open chain compounds (p. 73). On the other hand, it must be 
remembered that if we try to locate unsaturated linkages in aromatic com- 
pounds -we are attempting to differentiate between isomeric possibilities of a 
totally different kind from those which confront us in non-aromatic chemistry 
(except for certain nitrogen compounds). The position of a double linkage in 
an open chain compound, for example, might be determined by locating the 
position of every alkyl group and hydrogen atom. An isomeric possibility 
would mean an alternative arrangement of atoms. Not so in the case of 
aromatic compounds: in waiting double bonds in aromatic rings we are repre- 
senting a different set of facts from those usually associated with establishing 
the position of unsaturation. We are representing a mode of reaction rather 
than a configuration of atoms. 

The Naphthylamines. The alpha naphthylamine is readily 
prepared from naphthalene by nitrating the hydrocarbon and then 
reducing the nitro compound. The process is thus exactly like 
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that used for the preparation of aniline from benzene: 

N0 2 nh 2 

h 2 so 4 [H] AA 

+ HNOb — 111 I II \ 



Alpha naphthylamine is a colorless solid which melts at 50° to a 
liquid which boils at 300°. 

The beta isomer can not be readily prepared by a similar set of 
reactions, as the nitration of naphthalene yields only the alpha 
isomer. Fortunately, however, it is possible to replace the hj^- 
droxyl group by the amino group much more readily in the naphtha- 
lene series than in the case of benzene derivatives. This reaction 
is brought about by heating the naphthol with aqueous ammonia 
and ammonium sulfite. Since beta naphthol is easily prepared 
from naphthalene as we have just seen, beta naphthylamine is 
made from it by this reaction: 


^y\on 



+ NH* 


(NH 4 ) 2 BOa 


+h 2 o. 


W 


Beta naphthylamine melts at 112° and boils at 294°. Both 
amines are insoluble in water, but are soluble in aqueous solutions 
of mineral acids since they readily form soluble salts with acids. 
The amino group is very similar in its characteristics to the amino 
group of aniline. Thus, the naphthylamines can be diazotized to 
form diazonium salts. An amino group attached to a naph- 
thalene nucleus may be replaced by an hydroxyl group by 
boiling a naphthylamine with an aqueous solution of sodium 
bisulfite. 


NH 2 OH 



Sulfonated FTaphthylamines and Naphthols. A very important 
group of intermediates for the manufacture of azo dyes are the 
sulfonated naphthols and naphthylamines. The sulfonic acid 
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group is introduced into the molecule for the purpose of making 
the compounds soluble in water; this water-solubility survives 
even in the complicated azo dye molecule which is subsequently 
made from such a compound by a coupling reaction. The use of 
these compounds in the actual manufacture of dyes will become 
more evident when we consider the dyes themselves (Chap. XXX). 
At this point, we shall refer but briefly to a few of the more impor- 
tant of these intermediates. 

Naphthionic acid is the naphthalene analog of sulfanilic acid 
(p. 367). Like the latter compound, it is prepared by baking the 
acid sulfate salt of the corresponding amine: 


NH 2 .H 2 SO, NHo nh 3 + 



a-naphthylamine naphthionic acid ■ inner salt 

acid sulfate formula 


It very closely resembles sulfanilic acid and undoubtedly is an 
inner salt. It is practically insoluble in water but readily soluble 
in sodium carbonate solution due to the formation of the very 
soluble sodium salt. The aromatic amino sulfonic acids which 
contain the same number of amino and sulfonic acid groups 
in the molecule are nearly insoluble in water because they 
are really inner salts; they are isolated in this form. The 
introduction of another sulfonic acid group in the molecule makes 
the compound soluble in water like any other sulfonic acid, 
and such soluble sulfonic acids are usually isolated as sodium 
salts. 

The beta naphthol sulfonic acids are prepared by sulfonating 
beta naphthol. (The orientation in this reaction has already been 
discussed.). Depending on the conditions, one, two, or three 
sulfonic acid groups are introduced. The sulfonated naphthols 
are very soluble in water and are usually isolated as the corre- 
sponding sodium salts by a “ liming out w process (p. 348). The 
compounds which are thus prepared and sold are actually the 
sodium salts though they are frequently spoken of erroneously as 
though they were the free acid. 

The sodium suit of beta napkikol-S, 6~disulfonic acid is known 
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as R salt; while sodium beta naphthol-6, 8-disulfonate is called 
G salt. These substances are used in the preparation of many 


Na0 3 S 


AA 

W 

H salt 


OH 

S0 3 Na 


NaCbS 


NaOsS 


V'N/' 

G salt 


azo dyes. They readily couple in the 1 position with diazonium 
salts. 

1 -naphthol-Jf.-sulfonic acid is known as Neville and Winther’s 
acid (N. & W. acid), although it is actually prepared and used as 
the monosodium salt. H acid is l-amino-8-naphthol-3 : 6-disul- 
fonic acid which is actually employed as the monosodium salt 
(though the latter is often referred to as “ H acid ”). It is used in 
the manufacture of many important dyes. 

Another dye-stuff intermediate of importance is 2-hydroxynaphthalene~3- 
carboxylic acid. It is made by the Kolbe synthesis from beta naphthol. 
The carboxylic group enters the 1 position but on heating migrates to the 3 
position. 

Naphthalic Acid. This is an interesting dibasic acid derived 
from naphthalene in which two carboxyl groups are in the 1 and 8 
positions. Two such groups are said to be in the pen position. 
The acid is formed by oxidizing acenaphthene, C 12 H 10 , a hydro- 
carbon occurring in small amounts in coal tar. 


0 



naphthalic acid 


Naphthalic acid is similar to phthalic acid; on heating the free 
acid, water is eliminated and a cyclic anhydride is formed. Evi- 
dently groups in the 1, 8 positions in naphthalene have similar 
spatial relations to; those in the 1, 2 positions in benzene. This is 
readily seen to be the case in a model in which both rings- of the 
naphthalene nucleus are in the same plane. 
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Naphthoquinones. Three quinones related to naphthalene are known. 
They are known as alpha naphthoquinone, beta naphthoquinone, and amphi 
naphthoquinone. 


O 

H II 

C C 

H«/ V N 

l !l 

HC C 

V V 

H II 

0 

alpha naphtho- 
quinone 


CH 

II 

CH 


HC' 

I 

HC 


O 

H II 

C C 

' V v 

II I 

C CH 

(/ X '(Y 

H H 


\ 


beta naphtho- 
quinone 


H H 

C C 0 

0 HC^ 

I I I 

C C CH 

✓ V” V 

H H 

amphi naphtho- 
quinone 


The relationship between the naphthalene quinones and the corresponding 
dihydroxy derivatives of naphthalene is exactly analogous to the relation 
between quinone and hydroquinone (p. 387). The naphthoquinones are 
prepared by oxidizing the corresponding dihydroxy compounds or correspond- 
ing aminohydroxy derivatives of naphthalene. Like the benzoquinones, the 
naphthoquinones are colored solids. The amphi and beta compounds are 
orange, the alpha quinone is yellow. 

The alpha and beta naphthoquinones are to be regarded as related to 1, 4 
and 1, 2 benzoquinone respectively, as naphthalene is related to benzene. 
The addition of another aromatic ring in this way has lowered the affinity of 
the quinone for hydrogen, and the corresponding dihydroxy compounds are 
thus oxidized by reagents which are not powerful enough to oxidize the corre- 
sponding benzene derivatives (z.e., hydroquinone and pyrocatechol). The de- 
hydrogenation of 2, 6-dihydroxynaphthalene to amphiquinone is more like the 
oxidation of hydroquinone, and in a sense this compound may be regarded as 
the true naphthalene analog of para benzoquinone. 

Diphenyl 


The hydrocarbon, diphenyl, has already been referred to a 
number of times. It can be prepared by the Wurtz-Fittig re- 
action from bromobenzene (p. 337), but is now prepared in- 
dustrially merely by bringing benzene vapors in contact with a 
hot metal. 


Oi.tfO 


hot metal 

>- 

ca-talyst 



+h 2 . 


Diphenyl is a colorless crystalline solid which melts at 76° 
and boils at 254°; its high boiling point and great stability 


NAPHTHALENE, ANTHRACENE, . PHENANTHRENE 459 


on heating have made it useful where a high boiling liquid 
is required. 

Derivatives of Diphenyl. Diphenyl is very similar to benzene 
in its reactions, as would be expected from its structure. Chloro, 
bromo, and nitro derivatives can be prepared by the usual pro- 
cedures. The highly chlorinated diphenyls have been manu- 
factured for use as plasticizers (p. 320). 

One of the most important derivatives of diphenyl is benzi- 
dine (p. 376) but it will be recalled that this substance is 
not prepared from the hydrocarbon but from nitrobenzene by 
reduction. 


Anthracene and Anthraqtjinone 


Anthracene. This hydrocarbon, C 14 H 10 , is present in the high 
boiling fractions of the coal-tar distillate. It is much more difficult 
to isolate and purify anthracene than the other “ coal tar crudes.” 
Indeed, in the United States at present a number of substances 
formerly prepared from anthracene are being synthesized from 
benzene derivatives. Therefore, the importance of the hydro- 
carbon itself as a raw material has diminished. 

Anthracene is a colorless solid with a bluish fluorescence which 
is also weakly shown by solutions of the hydrocarbon. It melts 
at 216° and boils at 342°. In its chemical properties, it more 
nearly resembles an open-chain unsaturated hydrocarbon 
than does even naphthalene. For example, it readily combines 
with bromine or chlorine, is reduced to a dihydroanthracene 
by sodium amalgam, and is easily oxidized. At the same time, 
the typical substitution reactions of aromatic compounds can 
be brought about under certain conditions. The formula which 
best expresses the behavior of this interesting compound is the 
following, which is often written in outline as shown on the 
right; 


H H H 

C C G v 

/\ /\ / \ 

HC C C CH 

I I II I 

ng c c ch 

x c x c x c 

H H H 



outline formula 


460 THE CHEMISTRY OF ORGANIC COMPOUNDS 


h-1 




: 


I | 

5 I 

: I 



The method of numbering the ring is shown above. The two 
carbon atoms in the middle ring (9 and 10) are the points at which 
the anthracene molecule readily adds two atoms or groups. This 
may be represented by the reduction of anthracene to dihydro- 
anthracene as follows: 


ff 

Yi 

v\ 

J\J 


UvU +2[H3 - UYU 

h 2 

dihydroanthracene 

The oxidation to 9, 10-anthraquinone is to be written as follows: 

0 


XW\ 


+ 810 ] 


vw 


/V 

Yi 

li 

JU 


+h 2 o. 


o 

9, 10-anthra- 
quinone 

Bearing in mind the significance of double bonds in aromatic rings (p. 454) 
we have seen that in many cases it may be most convenient to write such 
linkages. The arrangement written above is preferred to all other possibilities 
(including various centric formulas) for a variety of reasons. It is clear that 
the left hand hah of the formula as written above is essentially an ortho quinone 
(p. 389). It is therefore not surprising that the ends of this system (atoms 9 
and 10) are the points of attachment of atoms or groups in addition reactions. 
The reduction of anthracene by one mole of hydrogen is thus analogous to the 
reduction of an ortho quinone. The affinity for one pair of hydrogen atoms 
in this position appears to be greater in the case of anthracene than even the 
affinity of naphthalene for hydrogen and to begin to approach that of ethylenic 
derivatives. (Estimated 15 kg. cal. of heat evolved as compared with 6 to 9 
for naphthalene and —6 for benzene heat absorbed) and 28 to 30 for 
ethylene compounds.) This illustrates the fact that as far as the energy 
relations of addition reactions are concerned, there is no sharp line separating 
aromatic from aliphatic compounds. 2, 6-Dihydro xyanthracene will not 
couple with diazonium salts when the 1 and 5 positions are both blocked. If 
these positions are free, coupling in these places occur. These facts are 
expressed by the anthracene formula employed in this chapter. 

R 


r 

l 

(1 

V 

o 

u 


Will not couple unless R or R' is H. 
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Anthraquinone. The compound formed by the oxidation of 
anthracene is known as anthraquinone. It is very much more 
important than the hydrocarbon from which it may be pre- 
pared. A number of the most useful dyes are prepared from 
anthraquinone, and this compound is, therefore, one of the 
most important coal tar intermediates. Later we shall consider 
the actual dyes which are related to anthraquinone, and confine 
ourselves at this point to a consideration of the compound 
itself. 

Anthraquinone is a yellow, crystalline solid which melts at 
284°-285° and boils at 382°. It is not volatile with steam, and is 
difficultly soluble in most organic solvents. It will dissolve readily 
in warm, concentrated sulfuric acid, and may be recovered un- 
changed by diluting the solution with water. This fact is of use 
in the separation of anthraquinone from impurities* which are 
made water-soluble by such treatment. 

Anthraquinone is not reduced by agents such as sulfurous 
acid and hydrogen iodide which reduce benzoquinone. It is 
reduced rapidly, however, by zinc and alkali or sodium hydro- 
sulfite, Na 2 S 2 0 4 , with the formation of the corresponding di- 
hydroxy derivative of anthracene (anthrahydroquinone). This 
compound dissolves in aqueous alkali with a characteristic red 
color; anthrahydroquinone is very rapidly oxidized to anthra- 
quinone even by atmospheric oxygen: 



The relation between anthraquinone and its reduction pro- 
duct is exactly like that between quinone and hydroquinone 
(p. 387). 

Sodium hydrosulfite (also known as sodium hyposulfite but not7to be 
confused with hypo, Na 2 S 2 0 3 ) is a powerful reducing agent as compared with 
sulfurous acid, hydrogen iodide, or stannous chloride, but is not so powerful 
as a metal since it will not liberate free hydrogen. It is much used in the 
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industry in the reduction of dyes (p. 558). When it acts as a reducing agent 
it is oxidized according to the following equation : 

Na 2 S 2 0< + 2H 2 0 — > 2NaHS0 3 + 2[H] material £ 

Substitution Products of Anthraquinone. Anthraquinone may 
be sulfonated by heating it with sulfuric acid (usually with the 


addition of some fuming sulfuric acid). Under ordinary condi- 
tions the sulfonic acid group enters the 2 position (known as the 
beta position) ; in the presence of mercury salts, the alpha sulfonic 

acid is produced. 



0 

0 

0 

II SO s H 

II 
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/VV\ HgSO< 
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0 

a-anthraquinone 
sulfonic acid 


/J-anthraquinone 
sulfonic acid 


From these sulfonic acids (isolated in the usual way as sodium 
salts), the hydroxyl compounds can be obtained by fusion with 
sodium hydroxide. Certain of these hydroxyl compounds are 
important dyes and will be considered later. The amino deriva- 
tives of anthraquinone may be prepared by heating the hydroxy 
compounds with ammonia under pressure. 

The Synthesis of Anthraquinone. Anthraquinone is now manu- 
factured in the United States largely from phthalic anhydride and 
not from anthracene. This synthesis of anthraquinone is carried 
out in two steps: the first is a modified Friedel-Crafts reaction (p. 
410), the second, a so-called condensation reaction in which the 
middle ring is closed: 


J^j ^>0 + CcHe + 2A1CU 


'NcO-CeHs.AlCls 

^JCOOAICI* 

aqueous J, acid 


+ HC1 


O COCeHs 
COOH 


ortho benzoyl-benzoic acid 
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It will be noted that, like certain other examples of the Friedel- 
Crafts reaction which we have considered, an acid anhydride 
is here used instead of an acid chloride (p. 410). Two moles 
of aluminum chloride are employed and the product of the 
reaction is an aluminum salt which must be decomposed with 
acid to give the desired ortho benzoyl-benzoic acid. This sub- 
stance when treated with concentrated sulfuric acid forms anthra- 
quinone: 



Substituted anthraquinones may be readily prepared by this 
same reaction using in place of benzene such substances as toluene 
or chlorobenzene, which yield beta methyl- and beta ehloroanthra- 
quinone, respectively, from the corresponding intermediates in 
which the substituent is in the para position. 

Structure of Anthraquinone and Anthracene. The synthesis of anthra- 
quinone from benzoyl-benzoic acid proves that there are three rings in the 
compound and that the two end rings are condensed benzene rings. The 
proof that the middle ring is also six-membered is provided by a number of 
facts which need not be considered here. The improbability of the clos- 
ure of a meta or para ring in the synthesis from benzoyl-benzoic acid is 
evident from all that has been said in previous chapters about cyclic com- 
pounds. 

The relation of anthraquinone to anthracene enables one to argue as to 
the structure of the carbon skeleton in one from that in the other. One of 
the earliest syntheses of anthracene was by the action of sodium on ortho 
bromobenzylbromide. Dihydroanthracene is probably the primary product 
but is oxidized to some extent to anthracene. This method of preparation 
afforded evidence of the correctness of the supposition that there were three 
condensed benzene rings in the molecule. 
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Another simple synthesis of anthracene is by means of the Elbs reaction. 
When ortho methyl benzophenone is heated, water is eliminated intra- 
molecularly. 



Phenanthrene. An isomer of anthracene is known as phen- 
anthrene; it also occurs in coal tar and may be isolated from the 
higher fractions. Although it may be thus obtained without 
much difficulty, it is not usually separated because neither it nor 
its derivatives have been found to be of sufficient commercial 
value to warrant the expense of their manufacture. Unlike 
anthracene derivatives (or rather anthraquinone derivatives), the 
phenanthrene series of compounds seem to possess no characteristic 
which makes them more valuable industrially than the more ac- 
cessible benzene and naphthalene compounds. 

In phenanthrene three benzene rings are condensed together in 
what may be considered an angular manner as contrasted with the 
linear condensation in anthracene. 



phenanthrene 


Phenanthrene, like anthracene, is a colorless solid with a slight 
fluorescence. It melts at 100° and boils at 340°. On oxidation, it 
is attacked at the 9, 10 position and yields 9, 10-phenanthra- 
quinone. This substance is a typical quinone in regard to its 
relation to its reduction product, but it is reduced by less powerful 
reagents than those required to reduce the isomeric 9, 10-anthra- 
quinone. 

On further oxidation with chromic acid, phenanthraquinone is 
transformed into :a derivative of diphenyl, known as diphenic 
acid: 
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9, 10»phenanthraquinone 

mi }f [oj 


OH 



diphenic acid 
(2, 2'-diphenyl- 
dicarboxylic 
acid) 


9, 10-phenanthrahydroquinone 


Phenanthrene is formed when the vapors of stilbene (p. 444) are 
passed through a red-hot tube: 

<3 ■£> — 

(At first sight the formula for phenanthrene written above seems 
to be different from that written on page 464, but the one becomes 
identical with the other by rotating the page.) 

The distribution of the double linkages in the phenanthrene formulas 
written above corresponds to the modes of reaction of this hydrocarbon and 
its derivatives. The 9, 10 position is very nearly equivalent to an open chain 
double bond. Hydrogen can be added (one mole) in the usual manner; the 
heat evolved in this reaction is estimated to be about the same as in the case 
of anthracene. Bromine adds to form a dibromide, but the reaction is 
reversible and does not run to practical completion under the usual con- 
ditions. 

Other Condensed Aromatic Hydrocarbons. A number of other poly- 
nuclear aromatic hydrocarbons occur in coal tar or may be prepared syn- 
thetically. Not only six-membered carbon rings, but also five~membered 
rings are found condensed with the benzene ring. Thus indene and fluorene 
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are analogous to naphthalene and anthracene except that a five-membered 
ring replaces a six-membered ring. They both occur in coal tar. 



indene fluorene 


One of the hydrocarbons containing a very large number of condensed 
rings is picene, C22H14, which occurs in some varieties of coal tar. It melts 
at 364°. Chrysene, Ci 8 Hi 2 , is another highly condensed aromatic hydro- 
carbon which is found in coal tar. When obtained from coal tar, it forms 
beautiful golden-yellow crystals. The color, however, is due to an impurity 
which can be removed by repeated recrystallizations. Chrysene melts at 255°. 
We shall see later (p. 497) that chrysene is important in elucidating the structure 
of certain naturally occurring substances, since it is obtained from them as a 
degradation product. 



Carcinogenic Hydrocarbons. It has been known for many years that the 
workers in coal tar refineries were susceptible to a skin cancer which came to 
be known as “ tar cancer.” A series of systematic investigations on coal tar re- 
vealed that certain aromatic, condensed, polynuclear hydrocarbons are respon- 
sible for this disease. One of the most active carcinogenic (cancer producing) 
compounds is 1, 2, 5, 6-dibenzanthracene. It can be synthesized by a Friedel- 
Crafts reaction between 0-naphthoyl chloride and 0-methyl naphthalene, fol- 
lowed by the application of the Elbs reaction. 
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An inspection of the structure of 1, 2, 5, 6-dibenzanthracene shows it is 
related to both anthracene and phenanthrene. 

Polynuclear Aromatic Compounds in Nature. Although the 
chief interest and importance of naphthalene and anthracene de- 
rivatives centers around the coal tar dye industry, it would be a 
great mistake to believe that coal tar is the only source of these 
substances. Naphthalene, anthracene and phenanthrene deriva- 
tives (or substances closely allied to them, as for example the 
corresponding quinones) have been found in the vegetable king- 
dom. The occurrence of such substances, however, appears to 
be much rarer than the benzene derivatives, though this may be in 
part only a reflection of the greater difficulty of isolating such 
substances from the complex mixtures found in nature. 

No simple naphthalene derivatives (such as the naphthols, for 
example) have been found in nature. Trihydroxynaphthalenes 
and derivatives of alpha naphthoquinone occur in certain very 
restricted classes of plants. 

Derivatives of anthraquinone are quite widely distributed, 
though their occurrence is certainly much more specialized and 
localized than is the case of benzene derivatives. Alizarin and 
certain other hydroxy anthraquinones used as dyes will be dis- 
cussed in the next chapter. Hydroxyl derivatives of a methyl- 
anthraquinone occur as glucosides in a number of plants. Plant 
extracts containing such materials are known under the general 
name of emodine, and are used as drugs chiefly because of their 
laxative and purgative action. Chrysophanic acid, 1, 8-dihydroxy- 

3- methyl-9, 10-anthraquinone, may be cited as an illustration of 
the substances occurring in such drugs. 

We shall see in Chap. XXVII that a large group of substances 
which occur in nature contains the hydrogenated phenanthrene 
nucleus. 

QUESTIONS AND PROBLEMS 

1. Write structural formulas for the following: R salt, 1-naphthol- 

4- sulfonic acid, naphthionic acid, indene, 9, 10-phenanthraquinone, 9, 10- 
anthrahydroquinone, 1 -chIoro-4-bromoanthracene , 2-hydroxy-naphthalene~3- 
carboxylic acid, beta naphthoquinone, naphthalene tetrachloride, decalin. 

2. Discuss the structure of naphthalene, including a proof of the carbon 
skeleton and a consideration of the disposition of the double bonds. 
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3. Write the formulas for the different resonating structures of naphthalene 
and phenanthrene. Would you expect the naphthyl group to be approxi- 
mately equivalent to the phenyl group in its effect on the dissociation of 
hexa-arylethanes? The diphenyl group? The benzyl group? Explain. 

4. Predict the products obtained from the monosulfonation of the fol- 
lowing: 


Br COOH OH 



OH 


5. Outline reactions starting with naphthalene for the preparation of the 
following compounds: 2-naphthoic acid, /3-bromonaphthalene, a-naphtha- 
quinone, naphthionic acid. 

6. Compare the reactions with halogens, reducing agents, and oxidizing 
agents of benzene, naphthalene and anthracene, and account for the differences 
noted. Include specific facts. 

7. Write equations for the following reactions: 
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8. Outline the steps in preparing anthraquinone starting with naphthalene 
and benzene. How would you synthesize 2-bromoanthraquinone starting 
with the same materials? 

9 . Outline the steps in the synthesis from coal tar of the following: diphenic 
acid, /3-anthraquinone sulfonic acid, 1-methylanthraquinone, /3-naphthylamine, 
2-naphthol-6~sulfonic acid, l-aminonaphthaiene-6-sulfonic acid, 2-amino-6- 
sulfonic acid. 


CHAPTER XXVI 
ALICYCLIC COMPOUNDS 

Having considered some typical representatives of aromatic 
hydrocarbons and their derivatives, we shall devote a chapter to 
a consideration of saturated and unsaturated alley clic com- 
pounds. These substances are of interest because of certain peculi- 
arities connected with the smaller rings, because of a type of 
stereochemical isomerism which occurs in ring compounds, and 
finally because of the large number of natural products which 
contain alicyelic rings. A few of the more interesting of these 
natural products, which include one vitamin and the sex hormones, 
will be considered in the next chapter. 

The Cycloparaffins and Their Derivatives. The simplest repre- 
sentatives of the alicyclic compounds are the cycloparaffins which 
have already been mentioned in connection with petroleum (p. 
41). These substances are isomeric with the ethylenic hydro- 
carbons and have the general formula C n H 2 n. Two hydrogen 
atoms are missing as compared with the corresponding paraffin 
hydrocarbon, CJH 2 n+ 2 ; these may be considered as having 
been removed in the formation of the ring. The table which 
follows gives the names and physical properties of some of the 
simpler cycloparaffins. 


Physical Properties of Some Simple Cyclo paraffins 


Name 

Formula 

Freez- 

ing 

Point 

Boil- 

ing 

Point 

Cyclopropane 

(CH 2 ) 3 

-126.6° 

-34° 

Cyclobutane 

(CH 2 ) 4 

-80° 

-15° 

Cyclopentane 

(CH 2 ) 6 

below 

-80° 

49° 

Cyclohexane 

(CH 2 ) 6 

6.5° 

1 81° 

Cycloheptane 

(CH 2 ) 7 

-12° 

119° 


General Characteristics of Alicyclic Compounds. With the 
exception of cyclopropane (the first member of the series), the 
characteristic reactions of the alicyclic compounds are very close 
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to those of the aliphatic; to a large extent we can transfer our 
knowledge gained in the one field to the other. We shall con- 
sider some peculiarities of cyclopropane compounds shortly, but 
shall first turn to the more general behavior of the other cyclo- 
paraffins and their derivatives. Just as we have alcohols, ketones, 
etc., which are derived from the paraffin hydrocarbons, so we 
have similar groups of alicyclic compounds. In general, the 
characteristics of the functional groups are unchanged by being 
attached to alicyclic groups. With such compounds as the 
ketones the functional group may be a part of the ring or may be 
attached to an alicyclic residue. Thus, for example, we may 
have a cyclic ketone ( e.g cyclohexanone) or a compound in which 
the ketone group is attached to a ring (e.g., methyl cyclohexyl 
ketone): 


ch 2 -ch 2 


CH. 2 -CH 2 

cyclohexanone 


ch 2 -ch 2 


ch-coch 5 . 


ch 2 -ch 2 

methyl cyclohexyl ketone 


It is evident that such groups as the aldehyde group and carboxyl 
group in which the terminal carbon atom of a chain is always 
involved can not be incorporated directly in a ring. 

Methods of Closing an Alicyclic Ring. Cyclic paraffins which 
contain not more than six carbon atoms in the ring can be pre- 
pared by the action of metals on dihalides of the general formula 
(CH 2 )nX 2 . This is illustrated by the formation of cyclopropane 
from trimethylene bromide: 


CHo 

: Br j 

,ch 2 


+ Zn; — >- ch 2 

ch 2 

:Br 1 

x 6h 2 


4~ ZnBro. 


The analogy between this reaction and the formation of an 
ethylenic compound from a dihalide having halogen on adjacent 
carbon atoms is evident: 


CH 2 

II +ZnBr 2 . 
CH 2 
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The cyclic ketones containing five and six atoms in the ring are 
readily prepared by heating the calcium salts of the corresponding 
dibasic acids. This is illustrated by the formation of cyclopent- 
anone from adipic acid (p. 196) : 


CH 2 -CH 2 ~CO 


CH 2 - CH 2 - 


O 


COO 


\ 

/ 


'Ca 


CH 2 -CH 2 


heated 


\ 


calcium adipate 


/ 

ch 2 - ch 2 

cyclopen tanone 


P-0 + CaC0 3 . 


The preparation of ketones with large rings is difficult, and until 
recently it was believed that the usual methods could not yield 
compounds with more than eight atoms in the ring. This we now 
know to be erroneous, as cyclic ketones containing as many as 
thirty-four atoms in the ring have been prepared by heating the 
thorium salts of dibasic acids and also by an internal conden- 
sation of dinitriles. 

A third method of preparing the alieyclie compounds is to 
make use of a reaction which was discussed in connection with 
malonic ester. It will be recalled that by the interaction of 
iodine and the sodium derivative of malonic ester two malonic 
ester residues may be united (p. 241). If now the two malonic 
ester residues are a part of the same carbon chain, the result of 
the application of such a method will be the formation of an 
alicyclic ring. The following example will serve to illustrate this 
method: 

CH 2 CH(COOC 2 H 5 ) 2 
I + 2NaOCH< 

CH 2 CH(COOC 2 H 6 ) 2 

CH 2 CNa(COOC 2 H 5 ) 2 
I + 1 2 

CH 2 CNa(COOC 2 H 6 ) 2 

In the above equations, the formulas of the disodium derivative 
have been written with the sodium atoms attached to carbon 
atoms merely for convenience of representation; the sodium is 
probably attached to an oxygen atom (see p.. 239). 

The internal condensation of dinitriles in the presence of such 
strong basic catalysts as the metallic derivatives of substituted 
ammonias has recently proved to be a valuable method of prepar- 


CH 2 CNa (COOC 2 Hs) % 
CH 2 CNa(COOC 2 H 6 ) 2 
CH 2 -C(COOC 2 H 5 ) 2 
CH 2 ~C(COOC 2 H 5 ) 2 


+ 2 CH 3 OH, 


+ 2NaI. 
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ing cyclic ketones with large rings. The reaction may be repre- 
sented by the following general equation: 


(C R^n 


CH 2 CN 


LiN(C 2 H 6 ) s 


ch 2 cn 


uh 2 

/ V 

(CH *) n C = NH 

X CH^CN 


The resulting compound on hydrolysis yields a /3-ketonie acid 
which, like acetoacetic acid, easily loses carbon dioxide, giving the 
cyclic ketone: 


CH 2 ch 2 

/ \ H,0 / \ 

(CH 2 )n C = NH — ^ (CH 2 )n C =0 - 

N. / catalyst \ / 

CH-CN CH-COOH 

unstable 


ch 2 

(CH.fl C=0 + C0 2 


In order to prevent the interaction of two molecules with each other 
and to favor internal reactions between the two nitrile groups of 
one molecule, the concentration of the dinitrile is kept very low 
(ix.y the reaction mixture is kept very dilute). Under these 
conditions very good yields of the cyclic compounds may be 
obtained. 

Opening the Ring in Alicyclic Compounds. With alicyclic 
compounds there is always the possibility of a reaction in which 
some reagent combines with the molecule by opening the ring. 
For example, cyclopropane reacts thus with hydrobromic acid; 

CH 2 

/ \ + HBr — > CH 3 CH 2 CH 2 Br. 

CH 2 CH 2 

The individual compounds differ enormously in the rate at which 
such reactions proceed and the conditions which are necessary in 
order to bring them about. Many cyclopropane compounds are 
extremely reactive and the ring opens easily. Other cyclic 
compounds with larger rings rarely enter into such reactions. 
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G J 



For example, cyclopropane is hydrogenated to propane by 
hydrogen and a catalyst at 80°, while cyclobutane with the same 
catalyst requires a temperature of 120°. Larger rings in alicyclic 
hydrocarbons are not opened by hydrogenation under usual con- 
ditions (below 200°) : 


ch 2 ~ch 2 


CHo-CH 2 
I I 
CHo-CII, 

CH0-CH2 


— > CH3CH2CH3, 

catalyst 80° 

h 2 

— > CH S CH 2 CH 2 CH 3 , 

catalyst 120° 


| CH 2 — >■ no reaction even at 200°; 

I / catalyst cleavage to pentane with 

CH 2 — CH ‘2 Pt -j- catalyst at 300°. 

The amount of heat evolved in these and similar hydrogenation 
processes may be calculated from the heats of combustion of the 
cycloparaffins and the corresponding open-chain compounds. It 
may be calculated that about 25-30 kg. cal. are liberated in open- 
ing a cyclopropane or cyclobutane ring by hydrogenation. About 
the same amount of heat is usually developed in adding two hydro- 
gen atoms to an ethylenic linkage. From the standpoint of the 
energy relations, there is no very great difference between a double 
linkage or a three or a four carbon ring. On the other hand, it can 
be calculated that if the hydrogenation of cyclopentane, cyclo- 
hexane, or cycloheptane could be accomplished, only about 14 kg. 
cal. of heat would be evolved. This same small amount would 
also be liberated if it were possible to break a carbon chain by 
hydrogenation (e.g. } CH 3 CH 3 + H 2 — > 2CH 4 ). This indicates 
that in rings containing five or more carbon atoms the valence 
forces are essentially those in an open chain compound. The 
results of a study of the energy relations, like the experimental 
facts concerning the ease of catalytic hydrogenation, place cyclo- 
butane and cyclopropane (and their derivatives) in a class apart 
from the other alicyclic compounds. 

Cyclopropane (Trimethylene). Cyclopropane is made from 
trimethylene bromide and sodium or zinc. It has excellent 
anesthetic properties, but its high cost of production prevents its 
wider use in surgery. 
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In cyclopropane itself and many of its derivatives, the ring is 
opened even when the compounds are treated with such reagents 
as bromine and hydrobromic acid at room temperature: 

CH 2 - CH 2 

\ / + Br a — ^ CIi 2 BrCH 2 CH 2 Br, 

CH 2 

CH 2 CHCOOH 

\ / + HBr — ^ Cn 2 BrCH 2 CH 2 COOH. 

CH 2 

Such cleavages of alicyclic rings also occur with cyclobutane and 
its derivatives, but not with the larger rings unless groups are 
present which cause the cleavage of even open-chain com- 
pounds. 

Baeyer’s Strain Theory. Somewhat more than a generation 
ago, chemists were much impressed by the number of derivatives 
of cyclopentane and cyclohexane which were found in nature and 
which were readily prepared in the laboratory. They were 



Fig. 29 . Diagram showing normal vaience angles 
of a carbon atom. 


familiar not only with the fact that the preparation of cyclic 
ketones is particularly successful in the case of cyelopentanone 
and cyclohexanone, but also with the ease with which heterocyclic 
compounds, containing five- and six-membered rings were formed. 
We have encountered a number of such instances in previous 
chapters; for example, only gamma and delta hydroxy acids 
readily form lactones (p. 213) ; in the case of the dibasic acids, only 
cyclic anhydrides with five- or six-membered rings can be formed 
directly (p. 203). Even if three- or four-membered rings are 
formed they are usually readily opened by some reagents. 
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As an explanation of all these facts, Baeyer 1 in 1885 sug- 
gested his strain theory. He started with the regular tetra- 
hedral carbon atom which had already provided an adequate 
explanation of stereoisomerism. In this atom the four valence 
forces are directed from the center to the corners of a regular 
tetrahedron, and therefore form an angle of 109° 28' with each 
other (Fig. 29). In the union of two atoms, Baeyer assumed 
that these valence forces must lie joined in a straight line be- 
tween the centers of the atom. If this assumption is correct, it 
is easy to see that a three-membered carbon ring can only be 
formed by a distortion of the valence angles of the carbon atoms. 
This is illustrated by the diagram shown in Fig. 30. The dis- 
tortion or displacement of the valence angle can be calculated 



Fig. 30. Drawing of a model rep- Fig. 31. Diagram showing the dose approach 
resenting a cyclopropane ring. of the terminal atoms of normal pentane 

when all the carbon atoms lie in a plane. 

by simple geometry as 24° 44''; in the ease of the cyclobutane 
ring, the distortion is less (9° 44') and in a cyclopentane ring, 
the distortion is less than a degree (44'). The cyclopentane 
ring can thus be closed without appreciable distortion; t his is 
shown in the diagram (Fig. 31) of a model of a five-membered 
chain so manipulated as to bring the terminal atoms as near together 
as possible. It is clear that the ends of a live-carbon chain can 
approach very close to each other without any distortion of the 
valence bonds; this, of course, is not the case with a four- or 
three-membered chain. Baeyer supposed that the distortion of 
the valence angles in the three- or four-membered rings caused a 
strain in the molecule. Because of this strain many of these 

1 Adolph von Baeyer (1845-1917). Professor of Chemistry at the University 
of Munich for more than forty years. 
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compounds readily combined with reagents with an opening of 
the ring, a condition which relieved the strain. This portion of 
Baeyer’s theory is in accord with all the facts known today, and 
appears well founded, although the real physical nature of the 
valence strain is unknown. Baeyer also included ethylenic com- 
pounds in his theory, and accounted for their reactivity by the 
fact that the two valence bonds had to be distorted until they 
were paralleled. This large distortion (54° 44') Baeyer believed 
was responsible for the rapidity with which ethylene and its de- 
rivatives combine with many reagents. 

Strainless Rings. In regard to rings containing more than 
five atoms, Baeyer made an assumption which has proved to 
be erroneous. He assumed that all the atoms in any ring were 
in one plane. If this were true, it would be necessary to expand 
the valence angles in making a cyclohexane or larger ring (opposite 
distortion than that required for small rings). In fact, very large 




Fig. 32. Drawing of models representing two phases of a strainless cyclohexane 
ring. (The two phases are readily interconvertible by an oscillation of the atoms 
and, therefore, do not represent isomeric forms.) 

rings would involve an almost unbelievable stretching. As a 
matter of fact, we now know that in cyclohexane and compounds 
containing still larger rings, the atoms do not lie in a plane. 
Therefore there is no strain in the cyclohexane or the larger 
rings. 

Cyclic Ketones with Large Rings. The most striking work 
which has shown the existence of very large rings has been the 
preparation of a series of cyclic ketones by heating the thorium 
salts of dibasic acids and by condensation of dinitriles, as men- 
tioned in an earlier paragraph. The following table lists some of 
the ketones thus prepared: 
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Higher Alicyclic Ketones 


Name 

Formula 

Melt- 

ing 

Point 

Boiling Point 

Cyclooetanone 

(CH 2 ) 3 
/ \ 

CHs C = 0 

\ / 

(CH 2 ) 3 

— 

74° (12 mm.) 

Cyclononanone 

CH 2 -(CH 2 ) 3 

\ 

C = 0 

/ 

CH 2 -(CH 2 ) 3 

— 

93-95° (12 mm.) 

Cyclodecanone 

(CH 2 ) 4 

/ \ 

ch 2 c = 0 

\ / 

(CHo) 4 

— 

100° (12 mm.) 


The largest cyclic ketone so far synthesized contains 34 carbon 
atoms in a ring. In their properties these ketones show no 
essential differences from aliphatic compounds. From them 
by reduction, the corresponding secondary alcohols and finally 
the cyclic hydrocarbons may be prepared. In this way, for 
example, cyclotriacontane, C 3 oH 6 o, a solid melting at 56°, may 
be prepared from the corresponding cyclic ketone. 

When the compounds with large rings are once formed, they 
are perfectly stable, and the ring can not be opened any more 
readily than an open chain can be cleaved. 

A very interesting cyclic ketone with a 17-membered ring occurs in nature 
as the chief constituent of the natural, odoriferous material known as civet. 
This ketone is known as civetone, and has been proved to have the following 
formula: 

CH - (CH 2 ) 7 

\x>. 

CH - (CHo),'^ 
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The isolation of this ketone and the proof of its structure by Huzicka led this 
same investigator to attempt the preparation of cyclic ketones with large rings. 
The striking results of this study have just been discussed. 


Stereochemistry of Cyclic Compounds. If a cyclic compound is 
asymmetrical, it can exist in two mirror images which correspond 
to two optical isomers, a dextro and a laevo form. Many such 
cyclic compounds have been resolved. If we construct a model of 
cyclopropane in which we substitute two hydrogens by two car- 
boxyl groups it is easy to see that in one case we have a compound 
in which the two carboxyl groups lie on the same side of the ring 
and in the other case on opposite sides: 



These two formulas represent two different compounds and, follow- 
ing the nomenclature used with geometrical isomers (p. 286), they 
are called cis and trans isomers. It should be noted that in the 
formulas printed above the carbon atoms of the ring are omitted ; 
this is frequently done in writing the formulas of cyclic com- 
pounds. 

Just as in the case of fumaric and maleic acids, one of these acids 
easily loses water on heating and forms an anhydride. In this case 
we have two rings joined together, — a carbon ring and a carbon- 
oxygen ring: 


O 



In the corresponding acid derived from cyclohexane (cyclohexane 
1, 2-dicarboxylic acid), we find that again we have a cis and a trans 
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form,, but here both substances lose water and form two different 
anhydrides, both containing two rings. 

CH 2 CO 



Anhydride of cis-cyclo-hexane dicarboxylic acid. 

Both hydrogen atoms attached to the middle carbon atoms lie on the same side of the double 

ring system. 



Anhydride of trans-cyclo-hexane dicarboxylic acid. 

The two hydrogen atoms attached to the middle carbon atoms extend on different sides. 
One lies above, the other (shown with a dotted line) lies below_a plane passing through the 
general direction of the exterior of the two rings. 


The difference in behavior between cyclopropane and cyclo- 
hexane in this regard is due to the fact that the cyclopropane ring 
must by necessity have the three carbon atoms in a plane, and is 
rigid. In the cyclohexane ring we are dealing with a more flexible 
system. The carbon atoms do not lie in one plane, and therefore 
the two carboxyl groups may be near enough to each other in space 
in both the cis and trans compounds so that in either case a new 
ring may be formed by loss of water. This can only be made evi- 
dent by a study of the models themselves, and the student who is 
interested is advised to construct such models. The existence of 
anhydrides of both cis and trans cyclohexane 1, 2-dicarboxylic 
acid, C 6 Hi 0 (COOH) 2j is conclusive evidence that the atoms of the 
cyclohexane ring do not lie in a plane. 


It is worthy of note that the stereochemistry of compounds of the type 
O-W 

(CH2)n is similar to that of acetylene derivatives (p. 289 ); only one 

form is possible. A construction of a model will make this- evident. 
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Alicyclic Compounds from Aromatic Compounds. In recent 
years, the catalytic hydrogenation of aromatic compounds under 
pressure at elevated temperatures has made possible the industrial 
preparation of certain alicyclic compounds. For example, cyclo- 
hexane, CeHi2 (also known as hexahydrobenzene), may be thus 
prepared from benzene, C 6 H 6 , and cyclohexanol, C 6 HnOH, from 
phenol, C 6 H 5 OH. Such methods often provide the most con- 
venient way of preparing alicyclic compounds, if the corresponding 
aromatic compound is readily available. 


The vigorous oxidation of alicyclic alcohols, ketones, or unsaturated com- 
pounds, results in the opening of the ring. This occurs in rings of any size 
just as similar reactions cause the cleavage of open chains. The oxidation of 
cyclohexanol provides a relatively cheap method of preparing adipic acid. 
From this, in turn, cyclopentanone may be prepared. Thus, it is possible to 
synthesize even a five-membered ring compound from phenol by the following 
series of reactions: 


6[H] O 

C 6 H 5 OH — > CeHnOH — > 


phenol cyclohexanol 


(CH 2 )^ 


COOH 


CH 2 ~CH 2 


heat 
Ca salt 


COOH 

adipic acid 


V 


CHs-CH^ 
cyclopentanone 


CO. 


Hydrogenated, Polycyclic, Aromatic Compounds. Naphthalene 
and its derivatives may be hydrogenated by means of hydrogen 
gas and a suitable catalyst. The completely hydrogenated com- 
pounds contain ten more hydrogen atoms than the parent sub- 
stance. They are therefore known as the decalins (decahydro 
naphthalenes). A completely hydrogenated aromatic compound 
is also sometimes designated as a perhydro compound. Thus, 
decalin, CioHjg, might be called perhydronaphthalene. Com- 
pletely hydrogenated phenanthrene, Ci 4 H 2 4, is given the name 
perhydrophenanthrene. We shall see in the next chapter that 
this system is the skeleton of a large and varied group of natural 
products of great biochemical importance. 

Decalin can exist in two stereochemically isomeric forms. The 
case is very similar to that of the anhydrides of the two cyclo- 
hexane dicarboxylic acids except that the second ring is a carbon 
ring and not an oxygen-containing anhydride ring. The construc- 
tion of models with strainless rings will help in understanding this 
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type of stereoisomerism. On paper the two isomers may be 
represented by using the convention that the hydrogen atoms 
attached to the middle carbon atoms are written with a heavy line 
if they extend above the paper and a dotted line if below: 



cis decalm trans decalin 

(b.p. 193°) (b.p. 185°) 


When one of the CH 2 groups in decalin carries a substituent, four stereo- 
isomers are possible. In the case of perhydro /3-naphthol (2-decalol) all four 
isomers have been isolated. Using the same conventions in regard to the 
representation of three-dimensional formulas on paper, we may write their 
formulas as follows : 



CH 2 ch 2 


m.p. 105° 



m. p. 17° 



m.p. 75° m.p. 53° 


The first pair of isomers may be considered as derived from cis decalin; the 
other pair from trans decalin. This type of isomerism is very common among 
complex alicyclic compounds. 

If the molecule of such a cyclic stereoisomer is asymmetric (p. 223), the 
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compound may exist in a right- and left-handed modification and be separable 
into optical isomers. When such substances occur in nature, usually only one 
of the two enantiomorphs (optical isomers) is found, the substance being opti- 
cally active. When the substance is prepared in the laboratory from inactive 
material, the racemic mixture, of course, results. 


TJrisaturated, Alicyclic Compounds. The method of prepara- 
tion of unsaturated alicyclic compounds follows the general 
methods considered in the case of open-chain compounds. For 
example, we may prepare a six-membered ring containing one 
double bond by the following series of reactions. The resulting 
compound is called cyclohexene, the nomenclature following that 
of the open-chain compounds, except that the prefix “ cyclo ” is 
added in all cases: 


CH2-CH2 CH 2 -CH 2 

/ \ 2[H] / \ -mo 

CH 2 C = 0 — >CH 2 CHOH — > 

/ heated with 

CH 2 ~CH 2 CH2-CH2 KHS o* 


CH2 


ch 2 -ch 2 


ch 2 -ch 

cyclo hexene 


\ 


CH 


Cyclohexene may be transformed into cyclohexadiene (p. 320) by the follow- 
ing reactions: 


— 2 HBr 

CsIIio -f Br 2 — > CcHioBr, — ^ C 6 H 8 

cyclohexene dibromide alkaline cyclohexadiene 

reagent 


The hydrogenation of benzene can not be controlled so that such inter- 
mediate products as cyclohexadiene or cyclohexene may be isolated. The 
reason for this lies in the low affinity of benzene for one mole of hydrogen 
(p. 330). Corresponding to the greater affinity of naphthalene towards 
various reagents and to its less pronounced aromatic nature, we saw (p. 451) 
that naphthalene can be reduced by sodium amalgam so that only two hydro- 
gen atoms are added. Similarly, by catalytic reduction a series of partially 
hydrogenated naphthalenes can be obtained. The tetrahydro compound 
which contains one saturated alicyclic and one aromatic ring is known as 
tetralin. 
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Both tetralin and the mixture of the two decalins are high boiling liquids. 
Since they can be prepared cheaply from naphthalene by catalytic hydro- 
genation they are used often, both in the laboratory and in industry. 

Dehydrogenation of Alicyclic Compounds. Unsaturated, ali- 
cyclic compounds which differ from the corresponding aromatic 
compounds by only two hydrogen atoms, easily lose these atoms 
in the presence of such catalysts as palladium, platinum, or nickel, 
and yield the aromatic hydrocarbon (e.gr., cyclohexadiene — > ben- 
zene, p. 330). Saturated, alicyclic compounds and those contain- 
ing only one double bond per ring are transformed with more diffi- 
culty to the corresponding aromatic hydrocarbon. Since such 
transformations are often of great assistance in elucidating the 
structure of alicyclic compounds found in nature, they have been 
extensively used. It has been found that selenium is in many 
cases the best reagent. High temperatures are employed and 
the hydrogen is evolved as hydrogen selenide (H 2 Se, corre- 
sponding to HaS). Sulfur may also be employed. Migration of 
alkyl groups or even the opening and closing of rings, however, 
sometimes occurs. In spite of these abnormalities the reaction has 
been of great value in studying some of the substances to be con- 
sidered in the next chapter. 

Opening of Alicyclic Rings. Aside from cyclopropane and a few 
cyclobutane derivatives, the alicyclic ring is not readily opened by 
reagents. In fact, the problem is exactly analogous to cleaving a 
saturated hydrocarbon chain and no practical methods for doing 
this are known. The determination of the structure of a fully 
saturated alicyclic compound, like the determination of the struc- 
ture of a paraffin hydrocarbon is obviously a matter of great 
difficulty. Dehydrogenation to an aromatic compound is about 
the only possibility. If one or more double bonds, hydroxyl or 
ketone groups are present, however, the ring may be opened 
by oxidation. For example, cyclohexene on oxidation yields 
(CH 2 > 4 (COOH) 2 , adipic acid; cyclohexanol the secondary alco- 
hol, and cyclohexanone behave in the same manner (p. 481). 
Cyclopentanone under similar conditions yields glutaric acid. If 
in this w r ay the substance can be transformed into compounds of 
known structure, valuable evidence as to the original structure is 
obtained. In the case of a complex substance containing sev- 
eral rings the dibasic acid formed may be unknown but the 
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carboxyl groups give a point of attack for coming down the series 
(p. 437) and the degradation may be continued. 

Alicyclic Polyhydroxy Compounds. A group of interesting and 
important polyhydroxy alicyclic compounds are found in plants 
and animals. The two most important of these are quercitol or 
quercite, C 6 H 7 (OH) 5 (pentahydroxy cyclohexane ) , and inositol or 
inosite, C 6 Hg(GH) 6 (hexahydroxycyelohexane). The latter occurs 
in an inactive (internally compensated) form, as well as a dextro 
and a laevo form. Monomethyl ethers of inosite also occur in 
certain plants, but the most important derivative is the hexa- 
phosphoric ester, CeHeCOPOsBk)®, known as inosite-phosphoric 
acid. It occurs very widely distributed in plant cells and in rela- 
tively large amounts in steep water of corn. It is usually isolated 
as the acid calcium-magnesium salt which is known as phytin. 
The phosphoric acid residues are easily removed by hydrolysis 
, with acid or by the action of a specific enzyme. Inositol seems to 

| occupy an intermediate position in nature between the sugars and 

i the aromatic compounds. 

It has been suggested that inositol is formed in nature by a cyclic con- 
densation of glucose somewhat analogous to the aldol condensation. One 
I might imagine that by reduction of inositol, quercitol would result. It is 

also conceivable that these two alicyclic polyhydroxy compounds are the 
I precursors of the aromatic polyhydroxy compounds which are found in nature 

(p. 393). A hypothetical mode of formation of cyclic polyhydroxy compounds 
I in nature may be represented as follows: 




OH 


H ’ 

CHaOH 


1 


0 

/ p 


CH 


CH 

CHOH X 


/ \ 


/ \ 

a 

! 

w 

inner 

HOCH HCOH 

[H] 

H 2 C HCOH 

CHOH 1 

>. 

i 1 


1 1 

\ CHOH 

conden- 

HOCH HCOH 


HOCH HCOH 


sation 

\H/ 


\H/ 

CHOH 


C 


C 

glucose 


OH 


OH 



inositol 


quercitol 


- 3H 2 0 1 - 3H 2 0 1 

phloroglueinol pyrocatecliol or 

hydroquinone 
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QUESTIONS AND PROBLEMS 

1. Write structural formulas for: cyclopen tene, cyclononane, cyelo- 
heptanone, 1, 1-dimethyl-cyclopropane, ethyl cyclopentyl ketone, 1, 3-cyclo- 
hexadiene, 1, 4-eyclohexadiene, tetrahydronaphthalene, decalin. 

2, Outline the steps in the synthesis from phenol or benzene of: cyclo- 
hexene, cyclopentanol, 


CH 2 

CII 2 
^ ch 2 


— CH 
I - CiiHs, 

/ 


CH 2 CH 2 

chY Xn CHCH 2 COOH. 

' X CH 2 CH !! // 


3. If 2-methylnaphthalene is hydrogenated to the perhydro compound, 
how many stereoisomers would you expect to obtain? How could these 
compounds be converted back to methylnaphthalene? How many stereo- 
isomeric perhydrophenanthrenes are theoretically possible? 

4. Outline the steps in two different methods of preparing cyclooctane 
from trimethylene glycol. 

5. Isophthalic acid (benzene-1, 3-dicarboxylic acid) does not form a 
cyclic anhydride. The hexahydro compound formed from it by catalytic 
hydrogenation, on the other hand, forms a cyclic anhydride when treated 
with dehydrating agents. Explain. 

9. Write equations illustrating two methods of closing a three-membered 
carbon ring, and two methods of opening such a ring. 

7. Predict what reactions (if any) would occur when the following com- 
pounds are treated with concentrated hydrobromic acid: cyclopropane, 
cycloheptanol, cyclooctene, cyclodecane. 

8. What is meant by the term “ strainless ring ”? What conclusions may 
be drawn from the fact that large ring compounds can not be opened except 
by drastic treatment? How can one account for the fact that compounds with 
large rings are difficult to prepare by methods which give good results in 
forming five- and six-membered rings? 

9. The anhydride of trans hexahydrophthalic acid on heating readily 
passes over into the anhydride of the cis form. The isomeric decalols are not 
changed by heating to even higher temperatures and for longer periods of 
time. What mechanism of the conversion of the stereoisomeric anhydride 
might account for the ease of its isomerization as compared with such sub- 
stances as the decalols? 

10. Cyclohexanone readily forms an oxime which when treated with concen- 
trated sulfuric acid or phosphorus pentaehloride and then alkali yields e-amino- 
caproic acid, NH 2 CH 2 CH 2 CH 2 CH 2 CH 2 COOH. Indicate the transformations 
involved during these reactions. What rearrangement is involved? 

11 . A compound is known to be represented by either one of the two fol- 
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lowing formulas; by what reactions would you be able to establish which 
formula is correct? 

CH 2 - CH CH 2 - CH 

/ / \ 

C4H9CH C3H7CH CH 

\ \ / 

CH 2 -CH ch 2 -ch 2 

By'what steps could you prepare the cyclopentene compound, starting with 
malonie ester? 

12. A mixture of the four 2-decalols was oxidized with chromic acid to give 
the corresponding ketones. How many isomeric products would you expect? 


CHAPTER XXVII 


NATURAL PRODUCTS CONTAINING ALICYCLIC RINGS: 

TERPENES, STEROLS, SEX HORMONES 

A great variety of substances which possess alicyclic rings are 
found in nature. The simplest of these contain a six-membered 
ring and occur principally in plants. Others contain partially 
hydrogenated naphthalene rings, and several different classes of 
important compounds contain a reduced phenanthrene nucleus. A 
very brief summary of some of the more interesting representatives 
will be given in the following pages. 

Cyclic Terpenes 

An interesting group of unsaturated alicyclic compounds with 
the formula Ci 0 Hi 6 are found widely distributed in certain plants. 
They are known as the cyclic terpenes. They occur in essential 
oils, particularly those obtained from citrus fruits. They also 
occur in oil of turpentine and similar materials made from conifer- 
ous trees. Certain cyclic alcohols and ketones closely related to 
the cyclic terpenes are also found in the plant world. Since a 
number of these compounds are of considerable practical impor- 
tance and have been the subject of a great deal of investigation, 
they will be briefly considered in the following pages. 

Limonene, Limonene, CioHi 6 , occurs in two optically active 
forms, a dextro compound which is present in many essential oils 
from citrus fruits, and a laevo limonene which can be obtained from 
the leaves of certain pines. The racemic compound, known as 
dipentene, can be prepared in the laboratory either by a complete 
synthesis or by a transformation of certain other terpenes. Dipen- 
tene is also formed along with other products by heating isoprene 
at 300°; in this reaction two isoprene molecules combine with 
each other. These compounds are liquids (b.p. 177°). As the 
following formula shows, they are derivatives of cyclohexene; 
one methyl group and an unsaturated side chain containing 
three carbon atoms are attached to the opposite extremities of 
the ring. The asymmetric carbon atom is denoted by a star. 
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As would be expected, the two double bonds react with a variety 
of reagents. 


CH-CH* ch 2 

</ \* X 

CH,C CH-C 

Til-cbT x ch 3 

limonene (d, l limonene = dipentene) 


The nature of the carbon skeleton in limonene was first estab- 
lished by converting it into the aromatic hydrocarbon known as 
para cymene (p. 339). This was done by bromination and subse- 
quent elimination of hydrobromic acid. The structure of cymene 
was readily established by the methods employed in aromatic 
chemistry. Subsequently, dipentene itself w r as synthesized from 
a cyclohexanone derivative of known structure. 

Menthone and Menthol. Two oxygen-containing substances 
closely related to limonene occur in certain essential oils. One of 
these is a saturated alcohol, menthol, C 10 H 20 O, which is the chief 
constituent of peppermint oil. Associated with it is the corre- 
sponding ketone, menthone, CioHisO. Menthol is a solid melting 
at 43.5°, while menthone is a liquid boiling at 207°. Both of these 
substances have a strong peppermint odor and are laevo-rotatory. 
The asymmetrical carbon atoms in the menthol molecule are indi- 
cated by stars below. It will be noted that menthol is an hydroxyl 
derivative of the completely hydrogenated limonene molecule. 
The characteristic reactions of the hydroxyl group and the ketonic 
group are shown by menthol and menthone respectively. 


CH 2 -CHOH 

CHjCH^ OHCH(CH 3 ) 2 

^ ch 2 -ch 2 ^ 


menthol 

Pinene. Pinene, CioHie, is the principal constituent of turpen- 
tine oil. It occurs in two forms, the dextro in American turpen- 
tine and the laevo in European turpentine. Turpentine is manu- 
factured from the sap of coniferous trees by a distillation process. 
It is widely used as a solvent in the paint industry. 

The structure of pinene is as follows: 


CH- 


ch 3 c 






— ch 2 

C(CH 3 )2— 'CH 

— cbT 
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It will be noticed that this compound contains two rings and is thus 
known as a dicyclic compound. One of the rings is a cyclobutane 
ring, the other a cyclohexene ring. Pinene is a colorless oil boiling 
at 156°. It combines with one molecule of hydrochloric acid, 
yielding a crystalline solid known as pinene hydrochloride, CioHnCl. 
The nomenclature of this compound is unfortunate, as the com- 
pound is not a hydrochloride in the sense in which this term is used 
to describe the salts of bases; it is really a chloro derivative of a 
saturated dicyclic compound. During the addition of hydrogen 
chloride a rearrangement of the cyclobutane ring to a cyclopentane 
ring occurs. This rearrangement was for a long time the cause of 
a great deal of confusion in regard to the structure of pinene and 
its derivatives. Pinene hydrochloride has a camphor-like odor 
and is known as artificial camphor. It is not to be confused, how- 
ever, with true synthetic camphor. 

At — 70° pinene combines with dry hydrogen chloride without rearrangement. 
The halogen acid adds to the double linkage according to MarkownikofPs 
rule. The tertiary halide thus formed rearranges at —10° or higher tempera- 
tures; in this process the bridge ring enlarges : 


Cl CH 2 -CH 2 

dry I / \ 

pinene — > CH 3 C C (GHs) 2 - CH 

HCl \ / / 

- 70 ° CH — CH 2 


rearranges 

above 

- 10 ° 


ch 2 -ch 2 

CH s C — C(CH 3 ) 2 —-<3H 

^ c-ch 2 ^ 

/ \ 

Cl H 


The final product “ pinene hydrochloride ” is properly called bornyl chloride 
(see below). 


Camphor. Camphor, CioHi 6 0, is a ketonic derivative of a 
saturated dicyclic hydrocarbon. The structural formula is: 


O 


C — CH 2 

CH 3 cTc(CH 3 ) 2 Tch 

Nieu-chY 


It will be noted that this formula is similar to that of pinene, but 
that the enclosed ring is five-membered, and not four-membered. 
Camphor (often called Japan camphor) is obtained by the steam 
distillation of the wood, twigs, and leaves of the camphor tree 
(laurus camphora) . It is produced almost entirely in the Orient. 
The form which occurs in the camphor tree is dextro-rotatory. 
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and it is obtained as colorless crystals with a very characteristic 
odor (m.p. 175°, b.p. 204°). It has been used in medicine in small 
amounts for a great many years, and is now used in veiy large 
quantities in the manufacture of celluloid (p. 319). It may be 
prepared by a series of chemical transformations from pinene; the 
material thus prepared is the racemic form ( d,l , camphor). The 
commercial synthesis of camphor from oil of turpentin produces 
a product which competes with the natural product. 


The alcohol which corresponds to camphor is bojmeol, CioHisO, m.p. 206°. 
It is found naturally in certain trees in the Orient. It can be prepared by the 
reduction of camphor. The chemical preparation of camphor from pinene 
involves the preparation of bornyl chloride, the hydrofysis of this to the race- 
mic borneol, and subsequent oxidation to the ketone. 


Relation of Terpenes to Isoprene. A very interesting relation- 
ship exists between cyclic terpenes and isoprene. This unsatu- 
rated hydrocarbon, CH 2 = C(CH 3 )CH = CH 2 , we have already 
encountered as being the fundamental building stone of the rubber 
molecule. If we examine the structure of the cyclic terpenes it 
will be seen that they all may be regarded as containing two iso- 
prene nuclei joined together in different ways. This is illustrated 
in the case of the limonene and the pinene skeletons by printing 
the carbon atoms of one isoprene unit in heavy type. The reader 
can easily convince himself that a similar situation exists in regard 
to camphor. It will be clear that it is the occurrence of the carbon 
chain of isoprene which is of importance, and that different degrees 
of hydrogenation are obviously involved in the different terpene 
compounds. 


c-c 

c-c^ ^c-c-c 

W c 


c 


c 

C ' 


c-c 


carbon skeleton of 
limonene and menthol 


c - c - 

carbon skeleton 
of pinene 


c-c-c-c 


c 

carbon skeleton 
of isoprene 


Open Chain Terpenes. The terpenes themselves are often 
defined as being naturally occurring substances of the formula 
(C 5 H 8 )n; those with the formula Ci 0 Hi 6 being known as the ter- 
penes proper, which include both open chain and alicyclic com- 
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pounds. Higher terpenes are also known (p. 605), those with the 
molecular formula, Ci 5 H 2 4 ? (C 6 H 8 ) 3 , being called sesqui-terpenes. 
In Chap. XXXII we shall find the isoprene unit involved in 
another group of very important natural substances of which 
the orange pigments, carotene and xanthophyll, are representatives. 
The persistence of this isoprene unit is of the greatest interest; it 
shows there exists in nature a definite pattern "which reveals itself 
in a great variety of plant products. 

More than a dozen compounds have been isolated from essential 
oils which contain an open-chain carbon skeleton composed of two 
isoprene units and joined as shown below: 


C-C-C-C 

I 

C 


C-C-C-C 

I 

c 


isoprene unit isoprene unit 
Fundamental skeleton of open chain terpenes and derivatives 


The more important of these are not terpenes themselves but 
oxygen-containing compounds (i.e., alcohols or aldehydes). A 
few may be mentioned as illustration for the entire group. 

Geraniol and nerol, C10H17OH, are two geometrical isomers of 
the following structure: 


CH 3 C - CHCH 2 CH 2 C - CHCH2OH 
I I 

CH 3 CH 3 

They are sweet smelling liquids with a high boiling point. Ger- 
aniol occurs in geranium oil, certain rose-oils, and citronellas. It 
is often associated with citronellol, C10H19OH. The latter com- 
pound differs from geraniol in that the double bond nearer to the 
alcohol group is hydrogenated. 

Citral is the aldehyde which corresponds to geraniol (sometimes 
called geranial). It occurs in the essential oils obtained from citrus 
fruits, lemon grass, and eucalyptus and has a fragrant, citrus odor. 


Sterols and Bile Acids 

The sterols are a group of complex alicyclic alcohols. They are 
colorless, crystalline solids, soluble in organic solvents, and usually 
found in the unsaponifiable portion of fats (p. 183). The common- 
est example is cholesterol, which occurs widely distributed in ani- 
mals, particularly in relatively large quantities in the spinal cord 
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and in human gall stones. The sterols which occur in plants are 
known as the phytosterols; there are a great many of these known. 
Esters of the sterols, as well as the free sterols, occur in plants and 
animals. Lanolin, or wool fat, is a very complicated mixture of 
sterols and sterol esters. 

Cholesterol. Cholesterol is a colorless, crystalline solid which 
melts at 148°-T51°. Like all the sterols, it is difficult to purify if 
it is contaminated with similar substances. The molecular for- 
mula of cholesterol is C^BUcO. The oxygen atom is present in a 
secondary hydroxyl group, and there is one double bond in the mole- 
cule. The saturated parent hydrocarbon which may be obtained 
from it is cholestane, C 27 H 48 . As shown by its empirical formula, 
this hydrocarbon contains four alicyclic rings. The corresponding 
paraffin would be C 27 H 56 ; therefore, there is a deficiency of 8H or 
4H 2 , indicating four alicyclic rings. 

It has taken many years of patient labor by many chemists to 
determine the size and relative positions of the four alicyclic rings 
in cholesterol and the other sterols. Only w r ithin the last few years 
has the goal been reached, namely, the establishment of a satis- 
factory structural formula. It is interesting that one of the 
important lines of evidence was furnished by an X-ray study of 
the crystals of certain sterols and sterol derivatives in 1932. The 
dimensions of the molecule thus revealed were inconsistent with 
an arrangement of rings which had been favored until then. They 
corresponded closely, however, with those of a molecule which 
contained a hydrogenated phenanthrene ring to which an addi- 
tional alicyclic ring had been fused. In the next few years it was 
clearly established that all the sterols (and as we shall see many 
other classes of interesting compounds as well) contain the follow- 
ing carbon skeleton: 



This arrangement of carbon atoms corresponds to that of a hydro- 
carbon in which a phenanthrene nucleus (rings A, B, C) and a 
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cyclopentane (ring D) have been fused together. Such a hydro- 
carbon, if the first three rings are aromatic and ring D a cyclopen- 
tene ring (CH 2 at 15, 16, 17, double bond at 13, 14) is known as 
cyclopentenophenanthrene. Since in the sterols all the rings are 
alicyclic, they may be regarded as derivatives of the completely 
saturated compound, perhydrocyclopentanophenanthrene. This 
parent hydrocarbon can also be considered as consisting of a per- 
hydrophenanthrene ring and a cyclopentane ring fused together, an 
alternative name is therefore cyclopentanoperhydrophenanthrene. 

Constitution of Cholesterol. The structural formula of choles- 
terol is: 


CH 3 

CHCH 2 CH 2 CH 2 CH(CH 3 ) 2 


ch 3 



cholesterol 


It will' be noted that this formula contains the fused, hydrogenated 
phenanthrene-cyclopentane skeleton with methyl groups substi- 
tuted at positions 10 and 13, a branched aliphatic chain at 17, an 
hydroxyl group at 3 and a double bond between atoms 5 and 6 in 
ring B. Almost all the sterols so far investigated differ from 
cholesterol only in regard to (1) the degree and position of the 
unsaturation (some are saturated); (2) the nature of the side 
chain on position 17; and (3) their stereochemical configuration. 
In regard to the latter point, an inspection of the formula will show 
that the same type of isomerism discussed in the case of the four 
isomeric decalols (p. 482) can occur in the case of the sterols. 
Indeed, because of the number of rings, the possibilities are still 
greater. This fact, alone, makes an elucidation of the structure of 
these compounds a matter of great difficulty. 
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The Bile Acids. From the bile of various species of animals, 
a number of hydroxy acids have been isolated. They usually 
occur coupled to the amino acids, glycine, NH 2 CH 2 COOH, or 
taurine, NH 2 (CH 2 ) 2 S 03 H, through an amide linkage; thus, 
RCONHCH2CH2SO3H. The amide linkage is easily hydrolyzed 
and the unconjugated bile acids are obtained. Thus, glycocholic 
acid gives glycine (p. 576) and the bile acid, cholic acid. The 
latter, C 24 H 40 O 5 or C 2 3 H 36 (OH) 3 COOH, occurs in large quantities 
in the bile of man and a number of animals and is the commonest 
representative of this class. The structural formula for cholic 
acid is: 


H 2 C 

H,/ X 

! A 

HOCH 


ch 3 

I 

CHCH 2 CH 2 COOH 
OH I 

c ch 3 ch 
/H \ I / \ 

h 2 c c ch 2 

I C I D I 

CH, 1 CH CH 2 

HC / 

B I 

C HCOH 




Like the sterols, cholic acid and all the other bile acids contain 
the cyclopentanoperhydrophenanthrene skeleton. Furthermore, 
like the sterols, there are methyl groups in positions 10 and 13, a 
branched side chain in position 17 (which in this case carries a 
carboxyl group) and position 3 carries an hydroxyl group. Unlike 
cholesterol, there is no unsaturation and there are two additional 
hydroxyl groups in positions 7 and 12, respectively. 

Relation of Bile Acids to Sterols. The simplest bile acid is, 
perhaps, lithocholic acid which occurs in the human bile and that 
of the ox in very small quantities. It contains only one hydroxyl 
group (in position 3). The rings are all saturated. Concerning 
the structural skeleton, it differs from cholesterol only in that the 
final isopropyl of the long side chain of the sterol is missing and the 
terminal group is a carboxyl group. Stereochemically, as we shall 
see, it differs from cholesterol in two respects: first the configura- 
tion of the OH group (position 3) and, secondly, the configuration 
of the union of rings A and B. 

On heating the bile acids in a vacuum they lose water, forming 
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unsaturated acids. Thus, in the case of lithocholic acid, a double 
bond is introduced by this method in ring A. In the case of 
cholic acid, three double bonds are formed, one in each of the rings 
A, B, and C. All these unsaturated acids are readily hydrogenated 
in the usual manner and yield the same acid with four completely 
saturated alicyclic rings, C23H39COOH, cholanic acid. This same 
acid can also be prepared by the oxidation with chromic acid of a 
hydrocarbon, coprostane, C 27 H 48 , which, in turn, is prepared by 
reduction of a certain sterol known as coprosterol, C27H48O, found 
in feces. In this oxidation, the terminal isopropyl group is removed 
(as acetone) and a CH 2 group is converted to COOH. This trans- 
formation is of the greatest importance since it relates the sterols and 
the bile acids , 

The hydrocarbon which is most easily obtained by reduction of 
cholesterol itself is known as cholestane; it is isomeric with copro- 
stane. (In the reduction, the double linkage is hydrogenated first 
and then the secondary alcohol group replaced by hydrogen.) 
Cholestane on oxidation yields an acid isomeric with cholanic acid 
called allocholanic acid. The isomerism of coprostane and chole- 
stane and of cholanic and allocholanic acid is fundamentally the 
same as the isomerism of cis and trans decalin (p, 482). The 
difference in the case at hand is due to the difference in the relative 
position of the hydrogen atom and the methyl group at positions 5 
and 10 ( i.e the positions connecting rings A and B). In almost 
all the sterols (except coprosterol) which have a hydrogen atom at 
position 5, this hydrogen atom and the methyl group at 10 are on 
opposite sides while in coprosterol and the majority of the bile 
acids they are on the same side of the fused rings A and B. The 
isomerism is thus exactly analogous to that of the two decalins, 
except that one CH 3 group takes the place of one of the hydrogen 
atoms attached to the two central carbon atoms. 

Determination of the Structure of the Sterols and Bile Acids. Now that 
the fundamental skeleton of cholesterol and the common bile acids has been 
unequivocally established, it is only necessary to relate any newly discovered 
sterol or similar compound to those substances whose structure is known. 
The number of possible stereoisomers is very great, as a consideration of the 
isomerism of decalol (p. 482 ) and an inspection of the formula of cholesterol 
will make evident. By suitable transformations, it has been possible to assign 
stereochemical configurations to the hydroxyl groups in the sterols and to 
determine the relative positions of the atoms and groups at the points of fusion 
of the rings. All the naturally occurring sterols and bile acids are optically 
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active but in no case has an enantiomorphic pair of isomers been found or as 
yet prepared. 

Of the methods employed in elucidating the nature of the side chain, the 
size of the rings, and the positions of t?he substituents in the sterols and bile 
acids, one or two may be mentioned. The degradation of the side chain of the 
bile acids by the oxidation of tertiary carbinols formed by the action of the Gri- 
gnard reagent on the esters (p. 437) proved of great value. Not only was the 
constitution of the side chain thus established by stepwise degradation but 
finally ring D itself was reached and opened by oxidation without disturbing 
the rest of the molecule. No single set of simple transformations can be given 
within the limits of this book, which, taken by themselves, prove the skeleton 
structure of the sterols and bile acids. One or two transformations may be 
mentioned, however, which, when taken with a mass of other evidence, indicate 
the nature of the fundamental arrangement of the carbon atoms. Selenium 
dehydrogenation (p. 484) of cholesterol and cholic acid gives a number of 
products including a hydrocarbon, CisHie, whose structure has been estab- 
lished by synthesis as a monomethylcyclopentenophenanthrene (methyl group 
on the five-membered ring in position corresponding to the side chain of the 
sterols). If this reaction were clean cut and all possibility of rearrangement 
or ring opening and closing were excluded, these transformations could be 
adduced as final evidence as to the nature of the carbon skeleton. However, 
dehydrogenations at high temperature have been found often to involve shifts 
of atoms or groups and conclusions derived solely from them are unreliable. 
For example, chrysene (p. 466) with four six-membered rings is also obtained 
by the selenium dehydrogenation of cholesterol and cholic acid, a five-mem- 
bered ring D having enlarged to a six. In all these dehydrogenations the 
CHc groups at the junction of the rings either split off as methane or migrates, 
sometimes taking part in the enlargement of ring D. 

Sex Hokmones and Vitamin D 

The ductless glands of the animal body secrete internally sub- 
stances known as hormones. These compounds are distributed 
by the blood or lymph to other portions of the body whose struc- 
ture or function is thereby modified. The potency of these endo- 
crine secretions (hormones) is remarkable, a very small portion of 
a milligram often being effective. Different glands produce 
different hormones with totally different physiological action. It 
is not surprising that among the hormones which have been iso- 
lated we find a variety of types of compounds. 

One group of substances known as the sex hormones are closely 
related to cholesterol and the bile acids. Structurally, they may 
be considered as derived from cholesterol by oxidation. Indeed, 
it may be that cholesterol is the actual precursor of these hormones 
but on this point we are still uncertain and the way the animal 


498 THE CHEMISTRY OF ORGANIC COMPOUNDS 


body prepares these hormones is as yet unknown. The physiolo- 
gist has recognized for years that the glands of the genital systems 
produce hormones. It is only during the last decade that by 
the combined labors of the physiologist, biochemist, and organic 
chemist the sex hormones have been isolated and their struc- 
ture determined. Three different types of sex hormones originate 
in the gonads (testes and ovaries). They are (1) the estrogenic 
hormones; (2) the hormone produced by the corpus luteum which 
is essential for pregnancy; and (3) the male hormones that cause 
changes in the accessory sexual organs of the male. The produc- 
tion of all these hormones appears to be regulated in turn by other 
substances (the gonadotropic hormones produced in the anterior 
lobe of the pituitary). The structure of these pituitary hormones 
is not now known. Those of the sex hormones have been estab- 
lished and examples are given below. 

The Female Sex Hormones. The hormones concerned with 
the estrogenic cycle and the hormone of the corpus luteum (a small 
yellow body in the ovary) are often designated as the female sex 
hormones. The estrogenic hormones (more than half a dozen 
have been isolated) may all be regarded as derived from a hydro- 
carbon containing one aromatic and three alicyclic rings. The 
structure of this hypothetical parent may be represented as follows: 



For example, one of the most potent of these hormones is estriol, 
which can be isolated from the urine of pregnant women. This 
substance is a trihydpoxy derivative of the hydrocarbon shown 
above, the OH groups being at positions 3, 16, and 17. In a 
closely related ketone, estrone/which occurs along with estriol, 
there is a ketonic oxygen attached to carbon atom 17, and an 
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hydroxyl at 3. (If the reader will write out such formulas, it will 
become evident that on dehydration estriol should readily lose 
water between 16 and 17, yielding the enolic form of estrone. 
Actually, estrone is readily formed by dehydrating estriol.) 
Unlike the sterol and bile acid nucleus, that of the estrogenic hor- 
mones contains one aromatic ring. The hydroxyl group in posi- 
tion 3 is, therefore, phenolic (weakly acidic). 

In printing structural formulas for the sex hormones, sterols, and 
related substances, various conventions are employed to save space. 
Instead of showing all the carbon and hydrogen atoms (as in the 
formulas on pp. 494 and 498), an outline formula may be printed 
and, as above, the hydrogen atoms shown except in the aromatic 
rings . This convention has been long employed with the terpenes. 
An alternative procedure is not to print any of the hydrogen atoms 
but show all the double bonds including those of the aromatic 
rings. The possibility of confusion between this convention and 
the one that erupts an outline ring for an aromatic compound, is 
evident. The reader of chemical literature must be on his guard, 
as three fused hexagons, for example, might signify either phenan- 
threne or perhydrophenanthrene ! 

A group of hormones isolated from mare’s urine has great estrogenic 
potency. Their structure is similar to that of estrone except that they are 
more highly unsaturated (double bonds in ring B). Interestingly enough, 
estrone has been isolated not only from urine and placenta but from a variety 
of vegetable sources. Certain synthetic compounds very remotely related to 
the hormones have been found to have estrogenic properties. Clearly, 'in the 
case of this class of hormones, many types of structure will suffice. This lack 
of specificity is not general among hormones or other substances with bio- 
chemical action. 

On fusion with potassium hydroxide ring D in estriol is opened between the 
two hydroxyl groups. The resulting dibasic acid (containing now only rings A, 
B, C) on dehydrogenation with selenium, yields dimethylphenanthrene. This 
same phenanthrene derivative can be obtained by the dehydrogenation with 
selenium of a derivative of the bile acids in which the side chain has been 
removed by degradation and ring D opened. These transformations not only 
relate the two series but yield .convincing evidence of the existence of the 
phenanthrene skeleton. 

Progesterone, the hormone produced by the corpus luteum, is 
more closely related to cholesterol than the other female hormones. 
In this substance ring A is still alicyclic and the methyl group at 
position 10 intact. A keto oxygen is at position 3 and a double 
bond between 4 and 5; the other rings are saturated. At position 


, 


t. ^ ' *• 
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17 there is a methyl keto group, CH 3 CO - , representing a residuum 
of the side chain of cholesterol and the bile acids. 

Male Sex Hormones. The most important two male hormones 
which can be isolated from urine and testicular extracts are 
androsterone and testosterone. Like progesterone, these com- 
pounds are more closely related to cholesterol than the female 
hormones. Androsterone contains the cholesterol structure with 
all four rings saturated, an hydroxyl group at 3 (secondary alcohol), 
and a keto oxygen at 17. In testosterone, a keto oxygen is at 3 
and an hydroxyl (secondary alcohol) at 17 with a double linkage 
between atoms 4 and 5 in ring A. The male hormone structure 
seems to be much more specific than that of the estrogenic hormone. 

O 



Atidrosterone may be prepared from cholesterol as might be expected from 
the close relationship. Androsterone belongs to the same stereochemical 
series as the sterols in so far as the relation of the hydrogen atom and the 
methyl group at positions 5 and 10 is concerned, but opposite from the sterols 
as far as the configuration of the OH group at position 3. The normal hydro- 
genation product of cholesterol cannot be employed in its preparation. 
Instead the stereoisomer epi-dihydrocholesterol is used (epi signifies stereo- 
isomerism due to difference in configuration at position 3). The acetate of this 
compound is prepared to protect the secondary alcohol group and the com- 
pound is vigorously oxidized with chromic acid. A small yield of the acetate 
of androsterone is thus obtained. The hormone itself is then formed by sapon- 
ification. In this drastic oxidation the whole side chain is removed and 
replaced by a keto oxygen in position 17. There are four stereoisomeric sterols 
with the structure of dihydrocholesterol which differ in the configuration of the 
OH group at 3 and the union of rings A and B at positions 5 and 10. These 
isomers are exactly analogous to the four isomeric decalols (p. 482). From 
eaeh of these by suitable oxidation a ketone can be obtained (in small yield) 
with a keto group at position 17. Of these four ketones, the one from epi- 
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dihydrocholesterol (androsterone) is very active physiologically; the one from 
dihydrocholesterol is active, but only about one tenth as powerful as androster- 
one. The two from the sterols with the configuration at 5 and 10 characteristic 
of the bile acids had no physiological action even in very large doses. 

Vitamins. Many careful experiments have shown that an 
animal may be fed on a diet which contains all the basal foods in a 
purified form, and yet the animal will fail to grow, become sick, 
and ultimately will die. This is true in spite of the fact that the 
components of the diet (purified proteins, fats, carbohydrates, 
mineral salts) are digested and metabolized by the animal. If 
now a few tenths of one per cent of certain materials are added to 
this diet, it becomes an entirely satisfactory ration and the animal 
survives. Such animal experiments form the basis of our knowl- 
edge of the accessory factors in the diet. These essentials have 
become known as the vitamins. By a process of repeated trial, 
it has been shown that there are a large number of vitamins 
which are necessary for a satisfactory diet; and by repeated feed- 
ing experiments, it has been possible to ascertain the concentra- 
tion of these vitamins in certain foods. In several cases it has been 
possible to isolate them in pure chemical form and to determine 
their structure. When this stage of investigation has been reached, 
the chemistry of the vitamin (as contrasted with its biochemistry) 
really begins. 

Vitamin D. This vitamin is known as the anti-rachitic vita- 
min. Its absence in the diet interferes with the proper forma- 
tion of bone tissue and continued vitamin D-free diet thus leads 
to rickets. 

The first clue as to the nature of vitamin D was provided by the 
discovery that irradiation with ultra-violet light was beneficial to 
rickets. It was next found that the food-stuff might be irradiated 
instead of the patient. As soon as this fact was established, a 
chemical investigation of the foods was begun to discover what 
particular constituent was turned into vitamin D by the action of 
ultrarviolet light. This substance proved to be ergosterol which 
can thus be considered as a pro-vitamin D. This sterol on irradi- 
ation with ultra-violet light of rather long wave-length (250-300 
m/i) was transformed into a very active vitamin D. It was sub- 
sequently discovered that a still more important pro-vitamin D 
is 7-dehydroeholesterol. This substance on irradiation can be 
transformed into a slightly different vitamin D (vitamin D 3 ). 
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Vitamin D 2 from Ergosterol. The conversion of ergosterol to 
vitamin D 2 proceeds in a series of steps. The first two products 
which are formed are biologically inactive. Further irradiation 
of the vitamin produces still other compounds which are inactive. 
The active compound which can be isolated from tjie irradiated 
ergosterol under the most favorable circumstances is known as 
vitamin D 2 or calciferol. It is isomeric with ergosterol but an 
investigation of the structure shows that ring B of the sterol system 
has been opened, the methyl group at position 10 being trans- 
formed into a methylene group ( = CH 2 ). Ergosterol itself 
differs from cholesterol slightly in regard to the side chain and is 
more highly unsaturated. Rings A, C, and D are saturated but 
there is one double bond in the side chain and two in ring B. 
Ergosterol also contains one more carbon atom than cholesterol 
due to an additional methyl group in the side chain. Apparently 
the unsaturation of ring B is favorable to alteration by ultra-violet 
light. During irradiation the ring is opened. 


CH S CH 3 

I I 

CH - CH = CH - C - CH(CH 3 ) 2 


ch 3 

H 2 

H CH 2 I I 

AJ HC \ A 

H a C C C 

eo \A> 

G C 

h 2 h 

calciferol 
(vitamin Da) 


/\ 


ch 2 

ch 2 


Vitamin D 3 . It was at first thought that the vitamin D which 
occurs naturally in such materials as cod-liver oil was identical 
with the crystalline material obtained by irradiating ergosterol. 
This has turned out not to be the case, however. The true vita- 
min in fish oils has been isolated and identified as being the same 
compound as can be prepared by irradiating a cholesterol trans- 
formation product called 7-dehydrocholesterol. (Note, dehydro 
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indicates less hydrogen.) 7-Dehydrocholesterol is, therefore, a 
pro-vitamin D. 7-DehydroehoIesterol has a saturated side chain 
identical with that of cholesterol, saturated rings A, C, and D and, 
like almost all the sterols, a secondary alcohol group at position 3. 
There are two conjugated double bonds in 7-dehydrocholesterol 
just as there are in ergosterol and it is for that reason that it under- 
goes the same type of transformation with ultra-violet light. The 
vitamin D which is thus formed and which occurs in nature is 
called vitamin D 3 . If one substitutes the saturated eight-carbon 
side chain of cholesterol for the unsaturated nine-carbon chain of 
vitamin D 2 , the structural formula of vitamin D 3 results. (The 
name vitamin Di was given to a substance which later proved to 
be a mixture; only two pure vitamin Ds are known, D 2 and D 3 .) 

Other Compounds of Biological Interest Containing 

THE CYCLOPENTENOPHENANTHRENE NUCLEUS 

There are seven classes of compounds of interest to the bio- 
chemist which contain the carbon skeleton of cyclopentenophenan- 
threne. They are (1) the sterols, (2) the bile acids, (3) the sex 
hormones, (4) a group of hormones produced by the adrenal glands 
(known collectively as cortin), (5) the non-sugar component of 
certain plant glycosides which powerfully affect the animal heart 
(heart poisons), (6) the active principle of the venom of various 
species of toads (toad poisons), and (7) the non-sugar component 
of the saponin glycosides which occur in the digitalis family of 
plants. Of these classes we have considered in some detail 
the first three. Space permits only a word or two about the 
others. 

Cortin. The crude extract obtained from the adrenal cortex 
which contains several hormones closely related to the sex hor- 
mones is known as cortin. In each of the hormones isolated so far, 
four alicyclic rings of cholesterol and the two methyl groups at 
positions 10 and 13 are intact. At carbon 17 a side chain of two 
carbon atoms is attached; this chain carries two hydroxyl groups 
or a ketonic and an hydroxyl group. In addition there are two 
other oxygen atoms in the molecule, one bound as a tertiary hydroxyl 
group at position 17; the other probably as a cyclic ether in a 
position as yet undetermined. It will be evident that these hor- 
mones are closely related to the sex hormones chemically and like 
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them may be formed by the organism either by oxidation of a 
sterol or by some mechanism in the cell which builds a sterol-like 
molecule with a greater degree of oxidation and fewer carbon atoms 
than cholesterol. 

Cardiac Aglucones. The plant heart poisons may be illustrated 
by considering the glycoside digitoxin obtained by extraction of 
the fresh leaves of members of the digitalis family (foxglove). 
The crystalline glycoside, digitoxin, C41H64O13, on acid hydrolysis 
yields three molecules of the sugar, digitoxose (a modified aldo- 
hexose, C6H12O4) and a non-sugar component digitoxigenin, 
C23H34O4. The latter substance is known as a genin or aglucone. 
A dozen or so different aglucones have been obtained by the 
hydrolysis of a variety of physiologically active glycosides. In the 
plant tissues even more complicated glycosides occur for it has 
been shown that digitoxin itself is the product of a hydrolytic 
reaction which occurs during isolation, a molecule of glucose and 
acetic acid being split off. The aglucones are less powerful drugs 
than the glycosides and much less soluble in water. The prepara- 
tions used in medicine are mixtures of various glycosides. 

The aglucones derived from the cardiac glycosides all contain 
the cyclopentenophenanthrene nucleus. All four rings are non- 
aromatic. The hydroxyl group in position 3 so characteristic of 
the sterols and sex hormones is also present in all but one instance, 
as are the methyl groups in positions 13 and 10 (in one instance an 
aldehydo group — CHO replaces — CH 3 at 10). The characteristic 
grouping of the cardiac aglucones seems to be an unsaturated lac- 
tone ring attached to position 17 and an hydroxyl group at 14. 

Toad Poisons. In various species of toads the glands located 
behind the eyes secrete a poisonous material. This has long been 
known and the crude dried preparation has been used as a drug in 
China for centuries. The physiologically active compound occurs 
combined with an amino acid (Chap. XXXI). On hydrolysis, the 
non-nitrogenous compound is liberated. As in the case of the 
cardiac glycosides, the substance produced by hydrolysis is called 
a genin. Several such genins have been prepared in a pure state 
and their structure wholly or in part determined. The cyclopen- 
tenophenanthrene skeleton has been shown to be present, all four 
rings being non-aromatic. Like the heart poisons, an unsaturated 
lactone is attached to carbon atom 17 and one or more hydroxyl 
groups are present at different points in the molecule; positions 
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10 and 13 each carry methyl groups, at least in the one genin 
whose structure has been most carefully determined. In short, 
except for the side chain, the characteristic features of the sterol 
molecule are repeated. 

Saponins. Certain substances which occur fairly widely distributed in 
plants have the property of forming a type of colloidal solution in water which 
foams on shaking like a soap solution. These materials are known as saponins. 
A few of them find limited uses in medicine and industry as foam producers. 
They are not a closely related group of compounds either biologically or chemi- 
cally but the striking characteristic of their aqueous solutions has resulted in a 
diversity of compounds being classed together. They are all glycosides and 
on hydrolysis the non-sugar component (called a sapogenin) may be isolated. 

Three sapogenins which may be prepared from the saponins extracted from 
the plants of the digitalis family are of special interest as they have been found 
to be related to the sterols. Their structures contain the usual cholesterol 
skeleton (including the two methyl groups at positions 10 and 13 and an 
hydroxyl group at 3). The side chain contains seven carbon atoms with cyclic 
ether linkages involving two oxygen atoms. All rings are completely satu- 
rated. Since saponins from at least two other families of plants besides the 
digitalis have yielded the same or similar genins, this type of structure is 
apparently not confined to one genus. The saponin (Le. r glycoside) digi- 
tonin (from digitalis) has the rather remarkable ability to form a sparingly solu- 
ble molecular compound with cholesterol. A number of other sterols having 
in position 3 a free hydroxyl group with the same stereochemical configuration 
as cholesterol are also precipitated as stable molecular compounds with digi- 
tonin. This reaction has been very useful in isolating and characterizing 
sterols. Probably closely related to this affinity for cholesterol is the fact 
that digitonin and related saponins have a powerful hemolytic action, that is, 
they break the membrane of the red blood cells, probably by combining with 
cholesterol or similar substances in the membrane. 

Another group of sapogenins are more closely related to the sesquiterpenes 
(p. 492). On selenium dehydrogenation they yield 1, 2, 5-trimethylnaphtha- 
lene. They contain thirty carbon atoms, thrice the number present in the 
terpenes and hence are designated as triterpenes. Certain acids of plant 
origin appear to belong to this same class of substances. 

Rosin. The residue left behind in the manufacture of turpentine by dis- 
tillation (p. 187) is a solid known as rosin or colophony. It is a mixture of 
abietic acid, C19H29CGOH, and its anhydride. Abietic acid contains a carboxyl 
group attached to a partially hydrogenated phenanthrene nucleus which carries 
a methyl and isopropyl group. It is thus very distinctly related to the sterols 
on the one hand, and, because the molecule can be divided up into four isoprene 
residues (p. 491), to the terpenes on the other. Since abietic acid has a high 
molecular weight, its sodium and potassium salts have soap-like properties, 
and it is frequently used in connection with the manufacture of soap. It is 
also used in the manufacture of varnishes and, with alum, it is employed as 
sizing for paper. 
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Biogenesis of Alicyclic Compounds. We have seen (p. 491) 
that with the simple alicyclic compounds which occur in nature 
there appears to be a definite pattern in the structure correspond- 
ing to the isoprene residue. It is tempting to find similar patterns 
involving the isoprene chain in the sterols and related compounds; 
the characteristic methyl groups in positions 10 and 13 particu- 
larly tempt one to speculate that they correspond to the branched 
methyl group of isoprene. The side chain of cholesterol corre- 
sponds to two isoprene units with two of the carbon atoms of one 
unit involved in ring D. Various schemes can be devised by 
which isoprene units might be involved in the rest of the cholesterol 
skeleton if ad hoc hypotheses are made concerning the removal of 
additional carbon atoms by oxidation or the participation of three 
or six carbon chains (from sugars, perhaps) in the synthesis. At 
the present state of our knowledge such speculation is not too 
profitable. It is not even clear how the bile acids or the sex hor- 
mones are produced in animals. It only seems evident that both 
animal and plant cells readily produce certain general types of com- 
pounds and that the sterol structure is one of these types. Rela- 
tively slight modifications of this general pattern produce sub- 
stances of very different physiological action which perform a 
variety of functions in the life of plants and animals. 

QUESTIONS AND PROBLEMS 

r 1. Define and illustrate the following terms: sterols, terpenes, hormones, 
sesquiterpene, vitamins, saponins, aglucones, sapogenins, bile acids. 

2. What reactions (if any) would you expect when the following substances 
are treated with: (a) a dilute carbon tetrachloride solution of bromine; (b) 
methylmagnesium iodide in ether solution; (c) maleic anhydride and heat: 
vitamin D 3 , dipentene, menthol, cholesterol, the ester of cholic acid, the ester 
of cholanic acid. 

3. With the aid of structural formulas show the relationship of the ter- 
penes to isoprene. What portion of the cholesterol molecule appears to con- 
tain a grouping of atoms related to isoprene? Illustrate. 

4. With the aid of diagrams representing a three-dimensional model, 
explain the isomerism of cholanic and allo-cholanie acid. How do you account 
for the fact that on catalytic hydrogenation at 200° cholesterol yields four 
stereoisomeric sterols, C27H47OH (one, coprosterol, only in traces). When the 
hydroxyl group of each is replaced by hydrogen how many stereoisomeric 
hydrocarbons, C27H47, would you expect? How are these hydrocarbons related 
to cholanic and allocholanic acids? 

5. Devise a method for: (a) replacing the hydroxyl group of a sterol by 
hydrogen; (b) protecting the hydroxyl group during oxidation of the molecule 
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at another point; (c) proving the hydroxyl group was that of a secondary 
alcohol. 

6 . The hydroxyl group of lithocholic acid, C24H40O3, is in position three. 
Write the structural formula. On dehydration and catalytic hydrogenation 
what product or products would you expect to obtain? On dehydrogenation 
of the secondary alcohol group and hydrogenation to regenerate this group 
how many isomers would you expect to obtain? 

7. Make a list of the substances of biological interest which have been 
mentioned which contain the perhydrocyclopentanophenanthrene nucleus and 
carry an hydroxyl group at position 3. Which of these substances would you 
expect to be soluble in dilute alkali even if any carboxyl groups in the molecule 
were esterified? Explain. 

8. Show all the steps in the degradation of the side chain in cholanic acid 
by the method which employs phenylmagnesium bromide. What fragments 
would be expected at each step to show the structure of the chain? 

9. With the aid of structural formulas outline at least two transformations 
of the bile acids which indicate the presence of a reduced phenanthrene skeleton 
in their structure. 

10 . Write structural formulas for progesterone, vitamin D 3 , the basic skele- 
ton structure of the sapogenins of the digitalis family, camphor, the common 
skeleton of the toad poisons, testosterone. 

11. What important natural substances containing the cyclopenteno- 
phenanthrene skeleton contain an aromatic ring? If the precursors of these 
substances in nature had a type of structure similar to that met with in choles- 
terol, what changes must have occurred in the formation of this ring? 


CHAPTER XXVIII 
HETEROCYCLIC COMPOUNDS 


Cyclic compounds which contain two or more different elements 
in the ring are known as heterocyclic compounds. The elements 
which are commonly found together with carbon in ring systems 
are oxygen, sulfur, and nitrogen. We have already encountered a. 
number of heterocyclic compounds in connection with our study 
of aliphatic chemistry. For example, lactones, cyclic anhydrides, 
cyclic imides, and the cyclic forms of the sugars are all hetero- 
cyclic compounds. Such substances, which are closely related to 
the aliphatic compounds, are usually considered in connection 
with aliphatic chemistry and require no separate treatment. 
There are, however, a certain number of heterocyclic compounds 
which have a peculiar degree of unsaturation, and thus resemble 
the aromatic hydrocarbons in their properties. They are some- 
times referred to as aromatic heterocyclic compounds. The first 
part of the present chapter will be devoted to an elementary sur- 
vey of some of the more important representatives of this type of 
heterocyclic compound. A great many drugs and other sub- 
stances of biochemical interest are derivatives of heterocyclic 
compounds. We shall consider some of these substances in the 
following two chapters. 

Aromatic Heterocyclic Compounds 

The commoner heterocyclic compounds are derivatives of the 
following substances, each of which is to be regarded as the simplest 
representative of a large class: 


(a) Five-membered rings: 


HC CH 

ii II 
HC CH 


v 


furan 
b.p. 32° 


HC CH 

HC CH 

il 1! 

I! II 

HC CH 

HC CH 

V 
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thiophene 

pyrrole 

b.p. 84° 
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b.p. 130° 
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Six-membered rings: 
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CH 
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Cl 

pyridine 

pyrylium chloride 

b.p. 115.5 

(a salt) 


(c) Five- and six-membered rings with more than one atom other 
than carbon: 
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\t/ 

N 

H 

imidazole 
b.p. 255° 


CH 

N 

X«\ 

/‘V 

f *CH 

hc 6 3 C 

HC* 4 CH 

HC* ;C 

N*/ 

\i/ 

N 

N 
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pyrazine 
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thiazole 
b.p. 117° 


CH 


HC 6 2 N 

V/ 

N 

H 

pyrazole 
b.p. 187° 


The position of substituents is indicated in the case of the sys- 
tems of class (a) and (b) by numbering the ring starting with the 
nitrogen, oxygen, or sulfur atom and proceeding counter-clockwise 
(as the formulas are usually written). Another method is to 
designate the atoms on both sides of the ring immediately adjacent 
to the “ hetero-atom n as a, the next ft and in the six-membered 
ring, the atom at the opposite end as y. The numbering of the 
rings in the system of class (c) is shown in the formulas them- 
selves. Substituents on nitrogen are usually designated by the 
letter N before the substituent. Thus N-methyl~2, 3-dimethyl- 
4-ethyl pyrrole or N-methyl-a:,ftdimethyl-/3'-ethyl pyrrole has 
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the formula: 


c 2 h 5 


\/ 


N 


CH 3 

CH S 


I 

CH S 


An outline formula with the double bonds written in, is often 
employed in representing the structure of heterocyclic com- 
pounds. 

It will be noted that the compounds in group (c) may be regarded as derived 
from those in groups (a) and (b) by substitution of — N = for a CH group. 
All the possibilities are clearly not exhausted by the above list and other types 
of aromatic heterocyclic compounds containing oxygen, sulfur, and nitrogen, 
are known. The five-membered rings containing two nitrogen atoms are 
known as the azoles, the six-membered rings as the azines. Instead of the 
trivial names listed above the structure may be indicated by numbers thus: 
pyrimidine is 1, 3-diazine, pyrazine is 1, 4-diazine. 


Position of the Double Linkages. For all the compounds listed 
in groups (a), (b), and (c), it is possible to write at least one other 
structure without shifting an atom or group. This is most clearly 
seen in the case of the six-membered rings where the situation in 
this respect is identical with that in benzene. If the pyridine ring 
is made unsymmetrical, for example, by the introduction of a sub- 
stituent on the atom adjacent to nitrogen, two isomeric arrange- 
ments of the linkages may be written. In pyrimidine, which is in 
itself unsymmetrical, two formulas are conceivable, one with the 

6 12 3 

linkage — CH=N — CH = N— as shown, the other having the 

6 12 3 

linkage —CH— N = CH — N = . Isomers corresponding to such 
formulas have never been found. Instead, we find that the 
substance has a pronounced stability compared to open chain 
compounds or ring systems where such possibility of shifting bonds 
does not occur. This is due to the phenomenon of resonance 
already discussed in connection with guanidinium salts (p. 258) 
and benzene (p. 329). 

With the five-membered rings the alternative structures involve 
the assumption that a negative charge may be localized on a car- 
bon atom while the oxygen, nitrogen, or sulfur is positive. (Com- 
pare the structure of the amine oxides (p. 167) and isonitriles 
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(p. 168). For example, pyrrole could have the following struc- 
tures: 


HC CH(-) 

II I 

HC CH 


Y« 


and 


HC = CH 
I * I 
HC CH 


H\/ 

(+)h 


A free pair of electrons is located on the atom marked CH(— ) 
while the electrons about the nitrogen atom are arranged as in an 
ammonium ion. The electron shift from the structure shown by 
the usual formula to that shown in the formula to the left above is 
as follows: 


HC CH 

II II 

HC CH 


v 

H 


HC CH :(-)/ 

II I 

HC CH 




This shift should be compared with that involved in the resonance 
of guanidine (free base) and the full electronic formulation given 
on p. 260 should be consulted. Isomers of this type have never 
been isolated. The compound in question has increased stability 
due to resonance between these structures and the one represented 
by the usual formula. 

The increased stability, due to resonance, of such five-membered 
heterocyclic compounds as furan, thiophene, and pyrrole is 
probably less than in the case of the six-membered rings but is still 
very pronounced. 

Reduced Heterocyclic Compounds. A great variety of hetero- 
cyclic compounds are known which may be regarded as partial or 
complete hydrogenation products of the substances just considered. 
They correspond to the alicyclic compounds. It will be evident 
that the addition of two or more hydrogen atoms to any of the 
systems we have so far considered will yield a substance with one 
or more CH 2 groups. A great variety of such compounds and 
their derivatives are known. Since many of them (e.g. y lactones, 
cyclic ethers, and anhydrides) are derived from open chain com- 
pounds, they are usually considered in connection with aliphatic 
chemistry. When such substances differ from the heterocyclic 
aromatic compoimds by only one pair of hydrogen atoms, they 
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are often easily dehydrogenated as we have seen to be the case 
with alicyclic compounds (p. 484). 

Methods of Preparation. Heterocyclic compounds are pre- 
pared either by condensation reactions which lead to ring forma- 
tion or by transformations of readily accessible substances which 
contain the heterocyclic ring in question. Thus a number of 
simple furan derivatives may be prepared from the furan alde- 
hyde, furfural (p. 303), which is in turn easily formed from the 
pentoses. By distilling bran, corncobs, or similar material with 
dilute acids, furfural is formed. It is prepared industrially from 
oat hulls and corncobs. 

Unlike furan, there is no simple derivative of pyrrole available 
from which other derivatives may be prepared. Pyrroles are, 
therefore, made by methods involving ring closure. As an 
example, the formation of pyrroles by heating 1, 4-diketones with 
ammonia may be mentioned : 

RCOCH 2 CH 2 COR + NH 3 — > CH CH 

!! I! 

RC CR 


Substituted furans may also be made from 1, 4-diketones by 
heating with dehydrating agents. It is believed that this reaction 
proceeds by the elimination of water from the dienol of the dike- 
tone. 

Substituted pyridines are formed when /3-ketonic esters, an alde- 
hyde, and ammonia are allowed to interact. This reaction may 
be indicated by the use of acetaldehyde and acetoacetic ester. 
It illustrates the fact that several molecules may interact in what 
appears to be an extremely improbable manner in order to produce 
a relatively stable, heterocyclic, aromatic compound: 
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C 2 H s OOC-CH 2 CH2COOC2H5 
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The resulting diester on saponification yields a dibasic acid 
which readily loses carbon dioxide, yielding 2, 4, 6-trimethyl- 
pyridine. 

The synthesis of more highly reduced compounds may be illus- 
trated by considering the completely hydrogenated pyridine, 
C5H11N, piperidine. This compound may be synthesized either 
by reducing pyridine with sodium and ethyl alcohol or by heating 
an open chain diamine: 


CH 2 CH 2 NH 2 

CH a 

' N 'CH 2CH2NH3CI 


heated 


ch 2 

\ 


ch 2 
ch 2 
Xx CH 2 - ch 2 


NH + NH4CI 


Since pyridine occurs in coal tar, from which it is isolated com- 
mercially, it may be used as a starting point in the synthesis of a 
number of derivatives. Like benzene it may be sulfonated and 
nitrated but with greater difficulty. Though the analogy with ben- 
zene is in this case striking, it cannot be pressed too far, particu- 
larly in the case of such five-membered rings as pyrrole. Indeed, 
as far as specific reactions are concerned each one of the ring sys- 
tems listed on p. 509 has a chemistry of its own just as does ben- 
zene, naphthalene, and anthracene. 

Opening Heterocyclic Rings. For the purpose of determining 
structure, it is important to be able to transform cyclic compounds 
into open chain derivatives. In general, the aromatic heterocyclic 
compounds and their reduction products contain rings which are 
opened with difficulty. (The lactones and cyclic imides, amides, 
and anhydrides form an exception to this rule.) Vigorous oxidiz- 
ing agents will usually cleave the ring with the resulting formation 
of dibasic acids. For example, the N-benzoyl derivative of piperi- 
dine (prepared by treating piperidine with benzoyl chloride and 
sodium hydroxide) is oxidized as follows: 


H 2 



I 


Hi 

Hj 


COCeH* 


QfLCONH (CH 2 ) 4 COOH 
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Treatment of N-benzoyl piperidine with phosphorus pentabromide also 
results in ring cleavage thus: 


H 2 



I 

COCeHs 


CH 2 CH 2 Br 

I 

CH 2 + C 6 H 5 CN + POBrs 
I 

CH 2 CH 2 Br 

pentamethylene bromide 


Exhaustive Methylation. A very important method of opening 
nitrogen-containing rings which has been much employed in deter- 
mining the structure of alkaloids (p. 531) depends on the thermal 
decomposition of quaternary ammonium bases (p. 167). An ap- 
plication of this reaction to piperidine is as follows: 


h 2 


h 2 

ch 2 

CH Nn CH 2 
li 1 

CH 2 CH 2 N(CH s ) 2 

1 

:/Ns 2 

2CH3I 

H*' \Hj heated 


AgOH 

hJs n Jh 2 

H 


cm 1 



OH 

CH3I 4 - AgOH 


[CH 2 = CH - CH, - CH = CH 2 ] ■< — CH 2 = CH - (CH 2 ) 8 N(CH S ), 

prearranges 

CH, = CH - CH = OH - CH, 

Basic and Acid Properties. Pyrrole and its derivatives are 
both extremely weak acids and extremely weak bases. In aqueous 
solution neither property is evident, as the salts are completely 
hydrolyzed. Only in non-aqueous solvents may the hydrogen of 
the NH group be replaced by such a metal as potassium. When 
pyrrole and potassium hydroxide are heated in the absence of 
water, for example, the potassium derivative is formed. Like the 
amides, and unlike the amines, the tendency for the nitrogen of 
pyrrole to pass into the ammonium form is very slight. On the 
other hand, the reduction product of pyrrole, pyrrolidine C4H9N, 
has the basic strength of an ordinary secondary amine and has not 
any of the acidic properties of pyrrole. It is clear that the two 
double bonds in the pyrrole ring have much the same effect on the 
nitrogen atom as the presence of the carbonyl group in amides 
(see phthalimide, p. 427). 
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Pyridine is a weak base with a dissociation constant of the same 
order of magnitude as aniline (see diagram, p. 158). Its reduc- 
tion product, piperidine, however, is comparable in strength to the 
aliphatic amines. The influence of the unsaturated linkage of 
the nitrogen atom is, therefore, enormous. Imidazole, thiazole, 
pyrazole, pyrimidine, and pyrazine are all weak bases. The NH 
group of imidazole also has extremely weak acid properties similar 
to those manifested by pyrrole. 

The introduction of hydroxyl groups into the heterocyclic rings 
decreases the basicity of the molecule. When a number of such 
groups are present the compound is usually too weak a base to 
form salts which are stable in aqueous solution. This may be 
interpreted as an effect of the hydroxyl group on the heterocyclic 
aromatic ring or by supposing that the compounds exist largely 
(or entirely) in the tautomeric form. For example, it will be noted 
that barbituric acid (p. 251) (which is too weak a base to form 
salts with acids in aqueous solution) can also be regarded as a tri- 
hydroxypyrimidine. The tautomeric formulas written below, 
it will be noted, involve the shift of a hydrogen atom. They are 
not to be confused with the different arrangements of double bonds 
which appear to be possible in the true pyrimidine ring and rep- 
resent the resonating structures. No tautomeric isomers have 
ever been isolated nor has any clear evidence of their existence 
been obtained. The situation is similar to that met with in the 
amides and cyanic acid (p. 253). 


OH 

3 ^ 


HO 


h/^H, 




'OH 


0=1 


=0 


tautomeric forms of trihydroxypyrirmdine 
(malonyl urea or barbituric acid) 


The acid properties of the hydroxy derivatives of heterocyclic 
compounds increase, as a rule, with the number of hydroxyl groups. 
If the formula with hydroxyl groups is correct, these compounds 
are analogous to phenols. They are stronger acids than simple 
phenols, however. Barbituric acid, for example, is comparable 
in strength to acetic acid. 
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Both tautomeric formulas of such compounds as barbituric acid correspond 
to systems with considerable resonance energy. The trihydroxy form contains 
a pyrimidine ring which can resonate as does the ring in benzene. The malonyl 
urea form would manifest the same type of resonance as urea (p, 260), It is 
impossible at present to conclude with assurance which of the two forms should 
be most stable in aqueous solution. Perhaps a very mobile equilibrium is 
present between the two tautomeric resonating systems. 


Tautomerism of Imidazole and Pyrazole. The formulas of 
imidazole and pyrazole show that the rings in these compounds 
contain both a NH and a =N— linkage. The interchange of 
hydrogen between the two nitrogen atoms in both types of rings 
is very rapid. If the ring in imidazole, for example, is made un- 
symmetrical by the introduction of a methyl group, two isomers 
might be expected according to whether the group is adjacent to 
the NH or =N— . Such isomers have never been isolated. 
We are dealing here as in the case of cyanic acid with two tauto- 
meric forms. 


CH; 


-N 


H 


CH 3 : 


-NH 


CH, 




which is 
usually written 


-N 


H 


5-methylimidazole 


4-methylimidazole 


one compound 


For this reason the 4 and 5 positions are identical in the imidazole 
ring. Similarly the 3 and 5 positions are identical in pyrazole. If, 
however, the hydrogen atom on nitrogen is replaced by a methyl 
group, a tautomeric shift is no longer possible and the following 
isomers, for example, can be readily obtained: 



N-methyl-5-methyl- N -methy 1-4-methyl- 

imidazole imidazole 

It is important to distinguish the tautomeric shift in the imidazole 
and pyrazole rings from the resonance of these rings. The resonating 
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structures are identical in the position of all the atoms, and differ 
only in the location of the valency electrons (see formulas for 
resonating structures of pyrrole, p. 511); the tautomeric struc- 
tures differ in the position of a hydrogen atom. 



resonating structures of imidazole 


Synthesis of Imidazole. Imidazole can be readily synthesized from glyoxal 
(p. 193) and hence is known as glyoxaline. The steps in the reaction, when 
glyoxal, formaldehyde, and ammonia are allowed to react, are probably as 
follows: 


CEO 

CHO 


2NH 2 


CHOHNH 2 

CHOHNH 2 


+ 


H 



CHOHNH 

\:h 2 

CHOHNH^ 


not isolated (hypothetical 

intermediate) 


> 

L -211*0 

CH — 

— N 

II 

II 

CH 

CH 


H 



Pyrones and Pyrylium Salts. The six-membered ring contain- 
ing one oxygen atom requires a few words of special mention. 
Since oxygen normally has a valence of 2, unlike nitrogen it can 
not replace a — CH = group in an aromatic six-membered ring. In 
non-aqueous solution, ethers (ROR) can form salts with acids, 
oxygen becoming formally quadrivalent but actually having only 

three atoms or groups attached by covalent bonds: 

(p. 168). It is clear that an oxygen atom in such a condition 
could replace a — CH= group of a benzene ring. This is the case 
in the pyrylium salts which contain the structure already formu- 


“ H 
-RORJ 


cr 
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lated (p. 509). It is of great interest that although the basic 
properties of oxygen in the usual types of compounds (i.e., 
ethers, ketones, etc.) are so weak that they are not mani- 
fested in dilute aqueous solution, the pyrylium salts are stable 
in water. This is a striking illustration of the relative stability 
of an aromatic ring and may be explained nicety in terms of 
resonance. 

Pyrylium salts without substituent groups are unknown. Tri- 
methylpyrylium chloride may be prepared from 2, 6-dimethyl-7- 
pyrone by the following reactions. 
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h<Y ch 
II II 

CH 3 C CCHi 
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2, 6-dimethyl- 
7 -pyrorie 


CH 3 


CH 3 


CH 3 MgX 
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CHsC CCHa 
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C“OH 

hc^ \jh 
ii H 

ch 3 c cch 8 
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CH 3 

I 

c 

s \ 

HC CH 

i !! 

ch 3 c cch 3 

v 


ion of trimethyl 
pyrylium chloride 



pseudo base 
(not isolated) 


When treated with alkali, pyrylium salts are converted into 
compounds with an hydroxyl group in the a or 7 position known 
as pseudo bases. On treatment with acid, the pseudo bases form 
pyrylium salts. The reaction has been studied most extensively 
with the triaryl pyrylium salts, for example, triphenvl .pyryli um 
chloride. A pseudo base is an intermediate in the synthesis of 
trimethyl pyrylium chloride given above. 


R E 



salt pseudo base 
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The pyrones in which the keto group and oxygen bridge are opposite are 
known as 7-pyrones; those in which the CO group is adjacent to the oxygen 
are called a-pyrones. An inspection of the formula of a-pyrone (below) shows 
that it is the 5 -lactone of an unsaturated acid. 


HC 

II 

HC 


CH 

/ V 




CH 

I 

CO 


a-pyrone 

(5-lactone of enolic form 
of CHOCH2CH = CHCOOH) 


CO 

HC / \)H 
i! 11 

HC CH 

7 -pyrone 


Lactones. The usual lactones containing five- and six-mem- 
bered rings are formally related to reduced furan and pyrylium 
compounds respectively. Thus, a 6-lactone CH 2 (CH 2 ) 3 CO may 


be regarded as a keto (or oxo) derivative of a hexahydropyrylium 
salt, or as tetrahydro a-pyrone. A y-lactone, in turn, may be 
regarded as an a-keto derivative of tetrahydro furan. An unsatu- 
rated y-lactone, being a derivative of dihydro furan, is in its 
enolic form a phenol of the furan series. (Such a grouping is 
characteristic of the cardiac aglucones, p. 504.) 


R— C CH 2 

11 i 

HC CH 2 


V 

dihydrofuran 


R — C CH 2 

R— C CH 

II f 

11 11 

HC CO 

HC C— OH 

\ / 

V/ 

0 

0 

unsaturated 

enolic form of 

7 -lactone 

unsaturated 

7 -lactone 


It should be carefully noted that the lactone ring (saturated or 
unsaturated), unlike almost all other heterocyclic rings, is easily 
opened by hydrolytic agents. 


Pyridinium Compounds. Pyridine, being a tertiary amine, can add one mole 

CH 3 

of an alkyl halide forming a quaternary ammonium salt, C5H5N . The 

\ 

I 

ion of this salt represents still another type of aromatic ring analogous to 
pyridine on the one hand and the pyrylium salts on the other; the heterocyclic 
atom (nitrogen) carries a positive charge. On treating the aqueous solution 
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of the iodide with silver hydroxide, the quaternary base is formed. This is a 
strong base (compare tetramethyl ammonium hydroxide). Since the com- 
pound is easily oxidized by potassium ferricyanide to N-methyl~a-pyridone, it 
is probable that some pseudo base is in equilibrium with the free base. 


H« 


CH 

t/ \ 


CH 


CH 

HC^ \)H 


+OH" 


HC CH 
I 

ch 3 

ion of salt of # 
N-methyl pyridine 


Hi 


i 

ch 3 

pseudo base 
(not isolated) 


oxidation 

CHOH reduction HC 


CH 

/ V 

HC CH 


CO 


i 

CHs 

N-methyl 

a-pyridone 


The only difference between the pyrylium salts and N-alkyl pyridinium 
salts, so far as this reaction is concerned, is in the relative stability of the pseudo 
base in alkaline solutions. Depending largely on the solubility of the pseudo 
base, the heterocyclic compounds which carry a positive charge on the hetero 
atom behave, when treated with alkali, either like N-alkyl pyridinium salts 
or like pyrylium salts. 


Condensed Benzene and Heterocyclic Ring Systems 

Many types of compounds are known in which a heterocyclic 
ring is fused to one or more benzene rings. The simplest and one 
of the most important representatives of this large class of sub- 
stances is indole, a product of decomposition of certain proteins. 
To illustrate the conventions employed in writing the structural 
formulas of this substance, three methods of writing the formula 
of indole are given below: 

OH 

S\ 

HC C CH 

I II II 

HC C CH 

\ / \ / 

C N 

H H 

indole 

solid, m.p. 52° 

The nomenclature of substituents is indicated by the numbering 
of the central formula. 
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Some Representative Condensed Heterocyclic Compounds 


/v\ 


N 


/W\ 


WA/ 

N 


quinoline 
b.p, 239° 

V 


acridine 
solid, m.p. 110° 
/ 


weak bases like pyridine 


xAAx 

N 

H 

carbazole 
m.p. 238° 


no basic properties 
in aqueous solution 



ion of benzo coumarin (a lactone) 

pyrylium salts (See p. 408) 


✓\ — 

w 

coumarone (benzofuran) 
b.p. 170° 



cbromone 


In their chemical reactions these condensed systems for the most 
part show the characteristic reactions of both the benzene and the 
heterocyclic ring. Except for the lactone, coumarin, the hetero- 
cyclic ring is remarkably stable. In quinoline and acridine the 
properties of the six-membered rings are modified by the pyridine 
nucleus to which they are fused. Thus, like naphthalene and 
anthracene, these substances deviate to some extent in their be- 
havior from the reactions characteristic of the monocyclic com- 
pounds. 

Synthesis of Quinoline. To illustrate the use of condensation 
reactions in synthesizing condensed heterocyclic compounds, the 
Skraup synthesis of quinoline may be given. This consists in 
heating a mixture of aniline and glycerol with strong sulfuric acid 
and an oxidizing agent such as arsenic acid. Acrolein (p. 289) is 
probably formed as the first product, which then condenses with 
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aniline (1, 4 addition) and under the influence of the oxidizing 
agent closes the heterocyclic ring. 


/% 


Vs 


4- CH 2 — CH — CH - 0 * 


NH 2 



H • 


;c=o; [O] 

— N- 

- CH.'a : CH 2 

:H : 



Purines 

Many compounds are known in which two or more heterocyclic 
rings are fused together. This type of structure is found in a 
number of substances produced in nature. One or two important 
classes of substances of interest to the biochemist contain the 
purine system, which is composed of a pyrimidine ring and an 
imidazole ring fused together. The structural formula for the 
parent substance is written below according to three different con- 
ventions. At first sight the reader may have difficulty in recog- 
nizing the identity of these formulations. The one on the extreme 
left in which a six-membered ring is written in the form of a ree- 


N=CH 



NH 

\ 


N' 


/ 


,CH 



Three ways of writing the structural 
formulas of purine. 


tangle has been employed by almost all chemists for many years. 
The use of this convention tends to obscure the relationship of the 
purines to other aromatic, heterocyclic compounds. In recent 
years an increasing number of chemists have employed such 
formulas as that shown on the extreme right. The reader should 
master both methods in order to be able to read rapidly in the bio- 
chemical literature. 


HETEROCYCLIC COMPOUNDS 


523 


Nucleic Acids. Very complex acids containing phosphorus 
occur widely distributed in plant and animal cells; they are known 
as the nucleic acids. They often occur together with certain pro- 
teins (Chap. XXXI), either as salts or perhaps joined by an amide 
linkage. Such combinations of nucleic acid and proteins have 
been designated as the nucleoproteins ; they occur in particularly 
large amounts in the thymus and pancreatic glands of animals. A 
somewhat different nucleic acid is present in plant cells and is 
readily prepared from yeast. The nucleoproteins are believed to 
be important constituents of the nuclei of both plant and animal 
cells although their physiological function is not understood. 

On hydrolysis, the nucleic acids yield phosphoric acid (H 3 P0 4 ), 
a molecule of a pentose, and five heterocyclic nitrogen compounds : 
cytosine, uracil, thymine, guanine, and adenine. The first three 
substances are derivatives of pyrimidine, the last two of purine. 

Pyrimidines from Nucleic~Acid. The structural formulas of the three 
pyrimidines obtained by hydrolyzing nucleic acid are given below in the two 
possible tautomeric forms (see the discussion of barbituric acid, p. 515) : 


O 



H 

thymine 


Since these hydroxy pyrimidines contain the grouping =N—COH=N“- or 
NHCONH, they may be thought of as cyclic derivatives of urea, and are 
sometimes called cycleic ureides (see p. 250). 

Uric Acid. The nucleic acids, which probably occur in aff living 
cells and which decompose in the course of the oxidation reactions 
necessary for life, and the purine constituents in certain mammals 
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including man are transformed largely into uric acid. Under ordi- 
nary conditions only very small quantities of uric acid are found in 
the urine and body fluids of the higher animals. Under certain 
pathological conditions, however, large quantities of uric acid are 
produced in man and are deposited as the sparingly soluble sodium 
salt. Such deposits occur in the joints and produce the unpleasant 
symptoms characteristic of gout. Urinary calculi which may 
form in the bladder also contain uric acid, and the acid was iso- 
lated from such material as long ago as 1776 by Seheele. The 
ammonium salt of uric acid is the chief constituent of the excre- 
ment of reptiles, birds, and insects. 



NH - CO 

OH 

1 1 

y\ NH 

T 7 

CO C — NH V 

1 II \ 

HO \ t A/ oh 

I li s y 

NH — C — NEK 

N N 

uric acid. 

uric acid, 

2, 6, 8-trihydroxypurine 

Formula written to 
show ureide linkages 

(also known as 

2, 6, 8-trioxypurine) 



The two formulas written above for uric acid, represent not only 
two different conventions employed in writing the purine skeleton 
but two tautomeric possibilities. Tautomeric isomers of hydroxy 
purines have never been isolated. The situation is very similar 
to that encountered in the case of the hydroxy pyrimidines (see 
barbituric acid, p. 515). 

Uric acid is a white, crystalline solid very slightly soluble in 
water. It is a weak, dibasic acid; the monosodium salt is diffi- 
cultly soluble in water but the disodium salt is readily soluble. 
Uric acid has no basic properties. 

Structure of Uric Acid. On oxidation uric acid is converted into alloxan 
and urea, NH 2 C0NH 2 . Alloxan may also be made by the oxidation of 
barbituric acid (p. 251). 

CO - CO 

NH X CH 2 ]SfH X 'co 

I I I 1 

CO CO CO CO 

barbituric acid f alloxan 
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Since alloxan and urea are the oxidation products of uric acid, it is probable 
that the original molecule contained the skeleton of alloxan and, in addition, 
another ring containing a urea linkage. The proof of the structure of uric acid 
was finally accomplished by its synthesis by the following series of reactions: 
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The history of the investigation of the structure of uric acid covers almost the 
whole classical period of organic chemistry. The greatest knowledge of the 
subject is due to the work of Liebig and Wohler over 100 years ago (1838). 
Baeyer in 1863 prepared pseudo uric acid (see above), but it was not till 1897 
that Emil Fischer succeeded in finding the right conditions for converting this 
compound into uric acid itself. No other compound has had the honor of 
being the subject of investigation by four such masters of the science of organic 
chemistry. 


Caffeine, This is a close relative of uric acid which occurs in 
coffee and tea to the extent of a few per cent. Caffeine is used 
in medicine as a stimulant and diuretic. It crystallizes in water 
in silky needles which melt at 237°. It is only slightly soluble in 
water. It is a very weak base but forms characteristic salts with 
acids. It will be noted from its structure that it is related to uric 
acid by the substitution of 3 hydrogen atoms on nitrogen by methyl 
groups and the replacement of one hydroxyl group by hydrogen. 
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The weak basic properties in contrast to uric acid (which has no 
basic properties) are probably due to the fact that the imidazole 
ring carries no hydroxyl group. Theobromine is present in cocoa 



beans to the extent of a few per cent. It is a crystalline powder 
which melts at 337° and is only slightly soluble in water. It 
differs from caffeine in having only two methyl groups on the 
nitrogen atoms. 


Purine. The parent substance of the purines can be prepared from uric 
acid by treating uric acid with phosphorus pentachloride, and reducing the 
trichloro compound thus formed with hydrogen iodide, followed by zinc : 




[H]N 


y\ 


“NH 


w 


Adenine and Guanine. The two purine derivatives obtained by hydrol- 
ysis of nucleic acid have the following structures (or that of the tautomeric 
isomer) : 




NH 


In the nucleic acid from yeast each of the purine derivatives is combined in 
position 9 with a sugar, d-ribose (p. 303), which in turn carries a phosphate 
radical on the terminal atom. Such a combination of nitrogen compound, 
sugar, and phosphoric acid is called a nucleotide ; the phosphorus-free gly- 
coside is designated a nucleoside. In the nucleic acids four or more nucle- 
otides are linked together, probably through oxygen atoms of the phosphate 
group. They are really polynucleotides. 

An example of a mononucleotide is adenylic acid, which occurs in muscle 
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tissue (p. 315) both as such and combined with another molecule of phos- 
phoric acid (adenylic acid pyrophosphate). This extra phosphate residue 
may be lost and gained reversibly under the action of enzymes. 


NH 2 



adenylic acid 


On alkaline hydrolysis, adenylic acid loses phosphoric acid and passes into 
the nucleoside adenosine. On acid hydrolysis, the glycoside linkage to nitro- 
gen is cleaved and adenine is set free. The glycosidic linkage is apparently 
attached in the 9 position though it was formerly believed that the other 
nitrogen of the imidazole ring (position 7) was involved. 

Xanthine and Hypoxanthine. In the animal body enzymes are present 
which bring about the de-amination (replacement of NH 2 by OH) of adenine 
and guanine (or their derivatives, such as adenylic acid). The corresponding 
mono- and dihydroxypurines are known as hypoxanthine and xanthine, 
respectively. They are weaker acids than uric acid, and since the imidazole 
ring carries no OH group, they show weak basic properties even in aqueous 
solution. 

Vitamin Bi (Thiamin). The substance originally called vitamin 
B has been shown by chemical and biochemical studies to be a 
complex of many substances. So far this complex has been re- 
solved into the following crystalline compounds: Bi, B 2 , nicotinic 
acid (pellagra preventing fact or , p. 532), and B 6 . The latter 
(called also Adermin) when absent from the diet of rats, produces 
a peculiar dermatitis. 

Vitamin Bi is the antineuritic vitamin. It prevents beriberi in 
man and polyneuritis in animals. Its structure, which has been 
recently established by degradation and synthesis, is: 



CHs CH 2 CH 2 OH 

It will be seen that the substance is a quaternary ammonium salt 
of a substituted thiazole (p. 509); the group attached to the 
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heterocyclic quaternary nitrogen atom contains a pyrimidine ring. 
The compound is isolated as a hydrochloride, one mole of HC1 
being bound by the amino pyrimidine nueleus. Vitamin Bi is 
now manufactured by synthetic methods. 

Vitamin B 2 or Riboflavin. This substance is sometimes known 
as vitamin G. It is a crystalline, orange-yellow solid which 
exhibits a characteristic green fluorescence in solutions. As we 
shall see, it is a component of a respiratory enzyme system present 
in living cells. It is essential for growth in chicks and rats. The 
elucidation of its structure and its synthesis have been accom- 
plished recently. 


OH 


/W\ 
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CH* 

CH 3 
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CH 2 (CHOH) 3 CH 2 OH 


riboflavin 


The group attached to one of the two central nitrogen atoms is a 
reduced d-ribose molecule (ribityl). The ring system contains an 
oxy-pyrimidine and an ortho xylene ring fused on both sides of a 
1, 4-diazine (p. 510). 

Respiratory Enzymes. Intimately connected with the oxidation of food- 
stuff in the cells of the animal body are a series of enzymes (p. 590). One of 
these is a yellow substance, flavoprotein, which contains riboflavin linked to 
phosphoric acid (the primary alcohol group in the above formula is esterified 
by one OH group of phosphoric acid). This substance is in turn connected 
to a protein. The enzyme, flavoprotein, or riboflavin, or its phosphate is 
reversibly reduced and oxidized in a way reminiscent of the systems anthra- 
quinone-anthrahydroquinone or indigo-leucoindigo (p. 461 and p. 558). 
Hydrogen is added reversibly at the middle =N— and =0 group of the 
pyrimidine ring. In the process the left-hand ring probably undergoes the 
changes: 



reduced 


oxidized 


HETEROCYCLIC COMPOUNDS 


529 


In the oxidation of certain substances in the ceil, hydrogen is transferred 
from the substance being oxidized (the substrate) to this yellow pigment 
which is reduced. The reduced form then reacts with molecular oxygen 
yielding the colored oxidized form. The transfer of hydrogen from the 
substrate to the respiratory enzyme requires, however, at least one inter- 
mediary (a co-enzyme). This substance is a complex of adenylic acid and 
the riboside of the amide of pyridine-3-earboxylic acid (nicotinamide), the 
two glycosides being linked together through three phosphoric acid residues. 
(Pyridine-3-carboxylie acid is known as nicotinic acid because of its relation 
to nicotine, p. 532). 

Other enzyme systems and other mechanisms are also involved in the 
oxidation of substances in the cell. One of these enzymes, cytochrome, con- 
tains iron and is related to hemoglobin (p. 607). It is also reversibly oxidized 
and reduced, but it seems to require for oxidation with free oxygen a co-enzyme 
which is the yellow respiratory pigment just described. 

QUESTION'S AND PROBLEMS 

1. Write equations for the following reactions: Skraup synthesis of 
quinoline, the opening of the hexahydropyridine ring by exhaustive methyl- 
ation, the preparation of 2, 4, 6~trimethylpyridine from aliphatic compounds. 

2. Write structural formulas for: thiophene, 2, 3-dimethylfuran, 
N-ethyl pyrrole, 2-methylthiazole, 2-chloropyrimidine, 2, 4, 6-trihydroxy- 
pyrimidine, 2-hydroxypurine, a-methylindole, acridine, xanthine. 

3. Give the systematic names (indicating position of substituents by 
numbers) of the following: thymine, barbituric acid, piperidine, caffeine, 
cytosine, adenylic acid. 

4. Outline the steps in the synthesis of the following compounds from urea 
and aliphatic compounds: alloxan, uric acid. 

5. Which of the following substances do you think will combine with 
hydrochloric acid to form a salt in dilute aqueous solution? Which will 
react with dilute sodium hydroxide to form a salt? Theobromine, alloxan, 
2, 3-dimethylpyrrole, tetrahydropyrrole, benzoylpiperidine, N-methyl- 
piperidine, imidazole, 2-oxypyrimidine, uric acid. 

6. Give two examples each of methods of closing a heterocyclic ring, of 
opening a heterocyclic ring, and of the transformation of one heterocyclic into 
another without opening the ring. 

7. Write a general formula for a nucleotide. What reagent would you 
employ to prepare from such a substance: (a) a nucleoside; and (b) the heter- 
ocyclic compound? 

8. Write the structural formula for 4-methyl-5- (/3-hydroxy-ethyl) thiazole. 
Given this substance and 2-methyl-5-cyano-6-amino pyrimidine, by what 
steps would you attempt to synthesize vitamin Bi? 

9. What is vitamin B 2 ? How does it differ from the respiratory enzyme, 
flavoprotein? What reagents would you employ to bring about the reduc- 
tion and oxidation of riboflavin in dilute, neutral, aqueous solution? 

10. Define and illustrate the term pseudo base. Erom which of the fol- 
lowing substances can pseudo bases be prepared and by what methods: 
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N-methylquinoline chloride, 2-methyIpyridine chloride, 2-methyIpyrimidine 
hydrochloride, 2, 4-dimethylpyrylium chloride, benzopyrylium bromide? 

11. Discuss the tautomerism of barbituric acid. Write the formulas for 
the tautomeric forms of adenine. 

12. Write a full electronic formula (showing all the valence electrons) for 
the three resonating structures of pyrrole. 

13. When o-methylimidazole is treated with an alkylating reagent which 
brings about the substitution of a hydrogen atom in a ^)>NH group by an 
alkyl group, two isomers are obtained. What are their formulas and how do 
you explain their formation? 
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NATURAL AND SYNTHETIC DRUGS 

The materia medica of the medical profession a hundred years 
ago was based on the accumulation of generations of experience in 
regard to the physiological action of inorganic chemicals and 
natural drugs. The latter substances -were particularly valuable, 
and have remained so to the present day. During the last sixty 
years these natural drugs have been supplemented, but not 
supplanted, by a number of synthetic products. Both the old 
and the new remedies are used by the modern physician. 

In tracing the modem history of drugs, we can distinguish two 
different aspects of the chemical development. On the one hand, 
we find that a multitude of new substances were prepared in the 
organic laboratory, and many of these proved to be valuable. 
Two examples will suffice — aspirin and phenacetin. On the 
other hand, we must note that many chemists soon turned their 
attention to the natural products themselves, isolated the essential 
ingredient, and struggled with the difficult problem of its struc- 
ture. As a result of this work, the constitution of many of the 
natural drugs was slowly revealed. Although the commercial 
synthesis of most of the well-known natural drugs has not yet 
been accomplished, a knowledge of the structure of the natural 
products has led to the manufacture of related synthetic products 
which have proved to be of great value. 

We have already considered a number of synthetic drugs which 
are produced from aromatic compounds; for example, aspirin and 
other derivatives of salicylic acid (p. 423). It only remains, 
therefore, to consider some of the natural drugs, and certain rather 
complicated products whose synthesis has been inspired by a 
knowledge of the action and structure of the natural substances. 

Alkaloids. The name alkaloid is usually restricted to a group 
of basic, nitrogenous plant products which have a marked physio- 
logical action. The majority of these are complex, heterocyclic 

531 


532 THE CHEMISTRY OF ORGANIC COMPOUNDS 


compounds. In recent years, certain bases isolated from animal 
tissues have been sometimes included in the alkaloids. The basic 
properties of the alkaloids are due to the presence of amino groups 
or trivalent nitrogen atoms which are part of a heterocyclic system. 
The plant alkaloids have a bitter taste and are almost all laevo- 
rotatory. They are extracted from the plants by using dilute 
acids in which they dissolve because of the formation of soluble 
salts. Their purification is often an elaborate process. They are 
usually sold in the form of the water-soluble chlorides or sulfates; 
the free alkaloids are for the most part crystalline solids which are 
only very slightly soluble in water. 

Nicotine, the alkaloid of tobacco, is one of the simplest of the 
group. It is also one of the few liquid alkaloids. The structural 
formula for nicotine is given below; it will be seen that in the 
molecule are two heterocyclic rings, one a pyridine ring, the other 
a completely hydrogenated pyrrole ring (pyrrolidine ring) with a 
methyl group attached to the nitrogen atom. On vigorous oxida- 
tion the five-membered ring is broken and the /3-carboxylic acid of 
pyridine, nicotinic acid, is formed. 



oxidation 


cono. 


HNOa 



The structure of nicotine follows from two oxidative cleavages 
of the molecule. Direct oxidation with nitric acid (as given above) 
shows that the compound contains the pyridine ring with an 
attachment on the ft carbon atom. If the quaternary ammonium 
salt is formed by adding methyl iodide to the pyridine ring (p. 519) 
the six-membered ring becomes sensitive to oxidation in alkaline 
solution because the pseudo base (p. 518) is easily oxidized to a 
ketonic group. The resulting compound no longer contains the 
resistant, aromatic, pyridine ring and on oxidation with chromic 
acid the six-membered ring is destroyed. The structure of the 
reduced pyrrole thus formed can be established by synthesis and 
the complete structure of nicotine follows: 
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/ H 

N CH 3 
/ \ 

CHj I 

quaternary ammonium 
salt from nicotine 
and CHsI 



oxidation 

with 

K 3 Fe(CN) a 


Hj 


|H 2 


HOOC—A ) H 2 
W IT 


ch 3 



Synthesis of Nicotine. Nicotine has been synthesized by 
several methods. In one, an open chain, amino-keto derivative 
of pyridine is cyclized by the following reactions: 


/\ 


/ 


jCOCH 2 CH 2 CH 2 NHCH 3 


reduced 
Zn + KOH 


iCH OH CH 2 CH 2CH2NHCH3 

| heated 

Y Hi 
d, Z-nicotine 


Natural nicotine is laevorotatory (the (3 carbon atom of the five- 
membered ring through which the pyridine nucleus is attached is 
asymmetric). The synthetic alkaloid is, of course, the racemic 
mixture. This can be separated by crystallizing the salts with an 
optically active acid as described in Chap. XII. 

Atropine. The alkaloids present in the leaves and roots of 
atropa belladonna (deadly nightshade) and certain other plants 
are known as the belladonna alkaloids. The optically active 
hyoscyamine and the racemic form of the same compound, atropine, 
are isolated for use as drugs by oculists. These alkaloids dilate 
the pupil of the eye. Atropine has the following structure: 

CH 2 - CH — CH 2 CH2OH 

I I l 

NCH S CHOCOCHCeHs 
* \ I 

CH 2 — CH — CH 2 
atropine (optically active form, hyoscyamine) 
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Atropine is the ester of a secondary alcohol, tropine, and an aro- 
matic acid called tropic acid. The compound is easily decomposed 
into these compounds by hydrolysis 


CH 2 -CH — CHo 
I I 

NCH 3 CHOH 
1 I 

CH 2 -CH — CH 2 

tropine 


CH 2 OH 

I 

CeHsCHCOOH 


tropic acid 


Tropine is optically inactive since it contains no center of 
asymmetry. Tropic acid, however, is obviously an asymmetric 
molecule, and the optical activity of hyoscyamine is due to this 
fact. Racemization occurs readily, and thus, the racemic alkaloid 
atropine is usually isolated. 

Structure of Tropine. The structure of tropine has been estab- 
lished by degradation and confirmed by synthesis. The presence 
of a secondary alcohol group follows from the ability to form esters 
and the fact that a ketone, tropinone, is formed on oxidation. On 
vigorous oxidation N-methyl suecinimide (see p. 205) is formed; 
this fact establishes the left-hand part of the structure written 
above. As an intermediate a dibasic acid with the same number 
of carbon atoms as in tropine (seven) can be isolated. The ester 
of this acid on exhaustive methylation (p. 514) yields a doubly 
unsaturated dibasic acid, C 7 Hs0 4 , which on hydrogenation is 
transformed into the well-known aliphatic acid, pimelic acid 
(p. 196), (CH 2 )5(COOH) 2 . This series of transformations estab- 
lished the seven-membered carbon ring. 


A very beautiful synthesis of tropine can be accomplished by allowing a 
mixture of succinic aldehyde, methyl amine, and acetone to interact in alka- 
line solution: 


CHaCHiO 

h;ch 2 c 

1H 2 CH— 

-ch 2 

+ :h 2 !nch 3 + co — >- 

NCH* 

1 

CO 

ch 2 ch|o 

H:CH 2 C 

)H 2 — CH— 

I 

-CH, 



Tropinone 



>n reduction yields 
Tropine) 


Better yields are obtained by employing acetone dicarboxylic acid (p. 215), 
the first product being a /?, /5 '-dicarboxylic acid derivative of tropinone which 
on heating loses two molecules of carbon dioxide forming the ketone. 
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Scopolamine or hyoscine can also be isolated from the crude belladonna 
extracts. It finds some use in medicine because of its sedative and hypnotic 
action. It differs in structure from atropine in that one oxygen atom has 
replaced two hydrogen atoms in the pyrrolidine part of the molecule (i.e.y 

/°\ 

CH — CH is present instead of CH 2 — CH2 as in atropine). 


Cocaine. One group of drugs is composed of those which act 
as local anesthetics. These substances when injected under the 
skin produce local insensibility to pain. For years the alkaloid 
cocaine was the only important drug of this type. It is extracted 
from the leaves of the coca plant which grows in the semi-tropics. 
(The coca plant should not be confused with the cocoa bean from 
which cocoa and chocolate are prepared.) Cocaine, like many 
alkaloids, is usually marketed as one of the salts ( e.g ., the hy- 
drochloride). The salts unlike the alkaloid itself are soluble in 
water. 

Cocaine is closely related to tropine as the following structure 
shows. The grouping which appears to be primarily respon- 
sible for its specific physiological action is enclosed by a dotted 
line. 


CH 2 

-CH 

. . { 

— CHCOOCH3 


NCH 3 : 

iCHOCOCeHs 

CH, 

CH 

. | 

— ch 2 


On hydrolysis the two ester linkages are readily broken, the prod- 
ucts being methyl alcohol, benzoic acid, and an hydroxy acid differ- 
ing from tropine only by a carboxyl group. The structure of this 
acid is easily established by transforming it into tropine. It can 
be synthesized by methods very similar to those employed for the 
synthesis of tropine. 

Unlike tropine, this carboxylic acid is not symmetrical. There are there- 
fore a number of different stereoisomers possible (eight in all). The synthesis 
usually produces two racemic mixtures. On resolution by the usual methods, 
one of these yields a laevorotatory compound which on benzoylation and esteri- 
fication with methyl alcohol produces the natural alkaloid cocaine. From the 
other pair of isomers pseudo cocaine can be prepared which is not very different 
in its physiological action from the natural alkaloid. This synthesis has been 
employed commercially. The industrial production of this rather compli- 
cated natural product is one of the striking feats of the synthetic chemist. 
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Procaine. A study of cocaine and other substances has led 
pharmacologists to the conviction that the grouping ^>N — C — C 
— C — OOOO gH 5 present in cocaine is largely responsible for its 
physiological action. (This grouping has been enclosed in dotted 
lines in the formula.) A number of new compounds have been 
synthesized which are simpler than cocaine and which contain this 
grouping or the similar one ^>N — C — C — OCOCeH^ These have 
been found to be local anesthetics of value and several have been 
put on the market. 

The most successful synthetic local anesthetic is procaine 
(novocaine). This is used as the hydrochloride which is soluble 
in water; the free base has the following structure: 

(CoH 5 )jN - ch 2 ch ; oco<( )>nh 2 . 

Except for the introduction of the para amino group and the 
shortening of the chain by one carbon atom, this compound has 
the same characteristic grouping that occurs in cocaine. The raw 
materials for the synthesis of procaine are para nitrobenzoic acid, 
ethylene chlorohydrin, and diethyl amine. 

Other Alkaloids. In the table below are listed some of the 
alkaloids, including those previously discussed, which may be 
regarded as of particular interest. Caffeine and theobromine 
(pp. 525 and 526) may also be considered as alkaloids although 
their physiological action is comparatively slight . 

Adrenaline and Ephredine. These two substances are rela- 
tively simple natural bases which were formerly not classified as 
alkaloids, although they have a powerful and very important 
pharmacological action. Adrenaline is one of the active principles 
secreted into the blood stream by the supra-renal glands (see also 
p. 503). The production of this hormone in the animal organism 
has great physiological importance; its prime function appears to 
be to reinforce the action of the sympathetic nervous system. 

The isolation of adrenaline from the supra-renal glands obtained 
from slaughtered animals provides the physician with one of his 
most valuable drugs. It is employed in very dilute solutions 
(0.1 to 0.01 per cent) and is administered by subcutaneous injec- 
tion. It causes local contraction of the blood vessels and thus 
checks bleeding; for this reason it is used in surgery. It has also 
other uses in general medicine. 



increases blood pressure 
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The structure of adrenaline was established in 1905 by the 
synthesis of the racemic mixture and its subsequent resolution 
into the dextro and laevo forms. The latter proved to be identical 
with the natural drug. In the formula the asymmetric atom is 
shown by an asterisk. 

HO 

HO<( ^>CHOHCH 2 NHCH 3 . 

A comparison of the physiological activity of the dextro and 
laevo forms has shown that the latter is by far the more active. 
This is an illustration of the general principle mentioned in Chap. 
XII; although enantiomorphs are chemically identical, they 
usually differ in their relation to living things. 

Adrenaline is now manufactured both by extraction from 
supra-renal glands and by synthesis. In the latter case the racemic 
mixture, of course, is formed; it is separated into the optical 
isomers. The substance is sold as the hydrochloride since it is 
more soluble in this form, and the solutions are more stable. 
Adrenaline itself is a white, crystalline substance which melts at 
207°. 

Ephedrine, C6HoCHOHCH(CH 3 )NFICH s , a very interesting 
plant product, finds rather wide use in medicine. This substance 
is closely related to adrenaline and resembles it in its pharma- 
cological action. It is superior to adrenaline for many purposes 
because it can be taken by the mouth. Ephedrine is the active 
principle of a Chinese plant which for years has been used in China 
as a medicinal. Synthetic ephedrine is now manufactured in this 
country. 

Chemotherapy. During the development of synthetic drugs 
it was hoped that a specific cure for each disease might be synthe- 
sized in the laboratory. This seemed possible particularly in the 
case of those diseases caused by bacteria and protozoa which could 
be isolated and studied in vitro. The aim of this work, called 
chemotherapy, was to prepare a compound which would be very 
poisonous to the invading organism but harmless to the host. In 
the early development of chemotherapy the most striking success 
was attained in the synthesis of two arsenical drugs extremely 
useful in combating syphilis — salvarsan (arsphenamine) and 
neosalvarsan. These were developed by Ehrlich; the first was 
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denoted as “ 606 ” by its discoverer because it was the 606th 
synthetic compound which he tried. 



H 2 N( 



OH 

NHCH 2 OSONa 


neo-salvarsan 


The synthesis of sal varsan from phenol is of some, interest. Arsenic acid, 
H 3 As04, is closely related to hydrated nitric acid (HN 0 3 + H2O = H3NO4), 
since arsenic and nitrogen occur in the same group in the periodic table. It 
is therefore not surprising that phenol may be arsenated by heating with 
arsenic acid. The product is analogous to nitrophenol but is hydrated. A 
nitro group is now introduced into the molecule in the usual way and the 
product reduced with sodium hydrosulfite (Na 2 S 2 0 4 ). The nitro group is 
thus converted to an amino group and the arsenic acid group to the arsenic 
analog of the azo linkage. The steps are as follows: 


OH OH OH OH OH 



HO —As — 0 ASO3H2 As ■ --- As 


The salvarsan itself is isolated and sold as the dihydrochloride. 

Newer Developments in Chemotherapy. Up to recent times 
the success of the application of chemotherapy to diseases has been 
limited to those infectious diseases caused by spirochetes (as in 
syphilis) and by protozoa. Today, there is scarcely a protozoal 
disease of man (sleeping sickness, malaria, amebic dysentery, 
leishmaniasis) which can not be cured by early treatment with the 
appropriate synthetic drug. 

The search for chemical agents for control of such bacterial 
infections as streptococcal, staphylococcal, pneumococcal and 
others of this class was not rewarded until a few years ago. The 
first substance employed with striking success in treating certain 
coccal infections was a red dye known to the trade as Prontosil. 
It was made from sulfanilic acid (p. 367) and meta phenylene 
diamine (p. 376). On the basis of a long series of pharmacological 
investigations, it was determined that the portion of the prontosil 
molecule responsible for bactericidal action is para sulfanilamide 
which is the amide of p-sulfanilic acid (p. 367). Indeed, today this 
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latter, colorless substance is used in medicine in preference to the 
red azo dye. 



prontosil 


^-sulfanilamide 


Sulfanilamide is manufactured from acetanilide in the following 
manner: 


NHCOCH 3 


+ HOSOaCl 

chlorosulfuric 

acid 


NHCOCH3 NHCOCH3 



NH 2 



SO2NH2 


It is interesting to note that very little, if any, sulfanilamide was 
manufactured during 1936, whereas over 267 thousand pounds 
were produced during 1937. 

The discovery of the bactericidal activity of para sulfanilamide 
has revitalized research in this branch of chemotherapy. A very 
large number of derivatives of sulfanilamide have been synthe- 
sized and investigated. One of the most important of these 
derivatives is a pyridine derivative of sulfanilamide and it is called 
stilfapyridine. A pyridine nucleus is attached to the amide nitro- 
gen atom of sulfanilamide through the beta position of the hetero- 
cyclic ring. This substance shows a more general action against 
various types of pneumocci than does sulfanilamide. 

QUESTIONS AND PROBLEMS 

t. Ephedrine and adrenaline have similar pharmacological action. To 
what part of the molecule might one attribute this action? 

2. Coniine has the empirical formula CsHwN; on oxidation (dehydrogena- 
tion) with silver acetate, it yields a weakly basic compound, which on oxidation 
with chromic acid, produces pyridine-a-earboxylic acid. On exhaustive methyl- 
ation and hydrogenation of the unsaturated hydrocarbon, coniine gives n~ oc- 
tane. What is its structure? 

3. 2-Methylpyri dine condenses with aldehydes to form unsaturated com- 
pounds. (The hydrogen atoms of the methyl group are equivalent in this 
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reaction to those of the methyl group of acetophenone.) Devise a synthesis 
of racemic coniine. 

4. How many stereoisomers of ephedrine are possible? What might you 
obtain in a synthesis from optically inactive material? How would you pre- 
pare the optically active drug from such a product? Starting with propionic 
acid, benzene, and methyl amine, outline the steps in the synthesis of racemic 
ephedrine. 

5. Write equations for the steps in the preparation of 3-aminopyridine from 
nicotine. 

6. Outline the steps in the synthesis of cocaine from simple aliphatic and 
aromatic compounds. 

7. Piperine, the alkaloid from pepper, has the following structure: 


CH 2 CH 2 

OH. X NCOCH = CHCH = CH 



2 


What would you predict as to the basic properties of this alkaloid? By 
what reactions could its structure be established? 

8. Devise a possible method of synthesizing procaine. 


CHAPTER XXX 

SYNTHETIC DYES FROM COAL TAR 

Through the centuries, countless unrecorded experimenters 
slowly developed the art of dyeing fabrics. Certain plant and 
animal products were found to be of value, and their use spread 
from one ancient people to another. Until the middle of the last 
century, all dyes were substances which occurred in nature. Their 
chemical constitutions were unknown, and their synthesis hardly 
dreamed of. Then came the triumph of the synthetic chemist 
and the coal tar dye industry. 

The first synthetic dyestuff was prepared quite unintentionally 
by William Henry Perkin in 1856 while still a student in Hofmann’s 
laboratory in London (see footnotes, p. 404 and p. 326). The 
oxidation of crude aniline was being studied in the ambitious 
attempt to synthesize quinine. A substance was obtained whose 
beautiful violet solution was found to dye w r ool and silk. The 
young discoverer (Perkin was then but 18) named the substance 
mauve, and against the advice of his teacher set up a factory for its 
manufacture. Within two years the industrial preparation of the 
first synthetic dyestuff was an assured success. Many similar 
discoveries soon followed, and a number of new dyes were 
manufactured by the oxidation of aniline and other aromatic 
amines. This first success of the synthetic dyestuff industry 
was based almost entirely on empirical knowledge. Even the 
structure of aniline itself was not established at this time! In- 
deed, it was not till 1865 that Kekule made possible the next 
advance of aromatic chemistry by his theory of the structure of 
benzene. 

The history of Perkin’s discovery of mauve and the development 
of its manufacture illustrates one aspect of the development of the 
coal tar dye industry. The empirical art may run far ahead of the 
science; even today some of the most important dyes (sulfur 
colors) are prepared essentially by an empirical procedure, and the 
structure of the final products is unknown. There are definite 
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limits to what such empiricism may accomplish in organic chemis- 
try, however. Without the structural theory and its skillful 
application to the solving of complex problems, the coal tar dye 
industry would never have reached its present development. 
The first application of Kekuld’s structural theory to the dyestuff 
industry by Graebe and Liebermann in 1868 marks an advance 
more important in many ways than the initial discovery of mauve. 
These investigators started with the natural dye of the madder 
root, alizarin, and established its structure. Armed with the 
knowledge thus obtained, they then synthesized alizarin in the 
laboratory, and within a few years had developed a satisfactory 
industrial method for its production from coal tar (anthracene). 
Synthetic alizarin soon drove the natural dye from the market. 
The story was repeated some thirty years later, when the industrial 
synthesis of indigo followed the elucidation of its structure by 
Baeyer, and again the natural dye was supplanted by the cheaper 
synthetic material. 

Today the synthesis of new dyes is based on an enormous amount 
of exact scientific information. It is possible to outline many 
complicated syntheses in advance and build up step by step a 
new substance whose dyeing properties can be foretold in ad- 
vance. In order to gain a little insight into the basic principles 
of this most complex science of dyestuff manufacture, we 
must consider some fundamental facts about colored substances 
and dyes. 

Color and Chemical Constitution. The great bulk of the sub- 
stances hitherto mentioned in this book have been colorless and 
have yielded colorless solutions. Such solutions appear to our 
eyes to be perfectly transparent to light, but this is only because 
the range of light which affects our eyes is so limited (Fig. 33). 
All organic compounds absorb light of short wave-lengths (ultra- 
violet light). Such absorption may be studied by means of a 
photographic plate and a spectroscope which resolves the light 
transmitted by the liquid. The results (Fig. 33) are called 
absorption spectra. It is found that unsaturated compounds 
absorb light of longer wave-length (nearer the visible) than 
saturated compounds. Certain combinations of unsaturated 
groups cause the substance to absorb some of the light visible 
to the eye and the solution is then colored. 

Certain unsaturated groupings are definitely associated with 
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the absorption of visible light, and we can predict that compounds 
having such groupings will be colored. Such groups which confer 
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Fig. 33. Diagram showing absorption spectra in the visible and ultra-violet regions. 

The approximate position of the absorption band of longest wave-length is 
indicated in each case; many compounds have absorption bands in several 
positions. 


color on a molecule are said to be chromophoric groups or chromo- 
phores. The following are usually regarded as important ehromo 
phores: 


■ N = N — 


■o 



-C = 0 

I 

-c = o 


[ I 

c = c — c = o 


azo group in 
aromatic com- 
pounds 


para 

quinoid 

linkage 


ortho diketone 

quinoid 
linkage 


unsaturated 
ketone group 
in aromatic 
compounds 


-no 2 -n=o 


nitro group 
in aromatic 
compounds 


nitroso group 
even in aliphatic 
compounds 


The presence of one or more' aryl groups attached directly to the 
chromophoric group is usually essential; the introduction of such groups 
as — NH2, — N(CH 3 )2, OH, OCH 3j in the aromatic nucleus intensifies the 
color. 

Clearly any attempt to relate the color of a compound to its structure 
(chemical constitution) is only one aspect of the broader problem of the rela- 
tion of structure and absorption spectrum. In a very rough way, we can 
recognize that certain groupings of atoms usually cause the absorption of a 
certain range of light, and can even foretell to some extent the absorption 
spectrum of a compound which contains several such groupings (although 
the effects are by no means simply additive). By comparing the absorp- 
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tion spectrum of a substance of unknown constitution with that of a closely 
related compound of know structure, it is often possible to tell whether or 
not a certain grouping of atoms is present. If the relation between structure 
and light absorption were completely understood, it might be possible to 
determine the constitution of many substances from an examination of their 
absorption spectra alone. Unfortunately, the absorption of light by the 
valence electrons of organic molecules is such a complex physical process that 
it has not been possible so far to subject it to a fundamental analysis. In a 
general way, it is evident that in saturated compounds the valence electrons 
absorb only very short w r ave-lengths of light (extreme ultra-violet), because 
this light has a high energy content which can affect the tightly bound electrons 
(the shorter the wave-length of light, the richer it is in energy). Highly 
unsaturated compounds absorb in addition the longer . wave-lengths of visible 
light, since these contain only sufficient energy to affect the loosely bound 
electrons of the unsaturated linkages. It can be shown by the use of wave 
mechanics that according to the electron theory of valence, the absorption of 
light by a compound should be large and the band far towards the red if 
resonance is possible between two nearly equivalent structures which are 
connected with a positive or negative charge unsymmetrieally placed on the 
molecule. Beyond such rough qualitative pictures, it is not possible to pro- 
ceed at present in an attempt to give a fundamental theory of the color of 
organic compounds. 

The Theory of Dyeing. A colored substance is not a dye unless 
it can be applied to a fabric. The fabric must become colored, 
and the color must be resistant to subsequent washing* with soap 
and water. Many beautiful colored substances have no dyeing 
properties; that is, they can not be made to adhere to any sort of 
fabric. These substances are therefore useless from the stand- 
point of the dyestuff manufacturer. If the colored substance has 
basic groups ( — NH 2 , — N(CH 3 ) 2 ) or acid groups (~S0 3 H, 
— COOH, — OH) in the molecule, a water solution of it will usually 
dye wool and silk directly. These basic and acid groups which 
confer dyeing properties in the molecule are called auxochrome 
groups; the parent colored substance is called a chromogen and 
contains, as we have seen, a chromophoric group. This termi- 
nology, which was suggested by Otto Witt in 1876, is particularly 
applicable to the classes of dyes which were then common (acid, 
basic, and mordant dyes), but is not of much value in regard 
to certain other types of dyes (vat dyes, ingrain colors). The 
basic groups which confer dyeing properties on the molecule 
also usually intensify and deepen the color; the sulfonic acid 
and carboxyl groups are apt to have the reverse effect. By 


546 THE CHEMISTRY OF ORGANIC COMPOUNDS 


many, the term auxochrome is applied only to those basic groups 
which both deepen the shade and confer dyeing properties on the 
molecule. 

Dyes are usually classified in one of two ways, depending on 
whether one is interested in their application to fabrics or in the 
chemistry of their manufacture. From the dyer's standpoint, 
the dyes are classified according to the way they may be 
applied; we shall consider this classification first and then 
turn to the chemist's classification of them according to their 
structure. 

Dyes may be divided into the following classes: (1) acid dyes; 
(2) basic dyes; (3) direct cotton dyes; (4) ingrain colors; (5) 
mordant dyes; (6) vat dyes; (7) sulfur dyes. The first four 
classes of compounds may be illustrated by examples chosen from 
the azo dyes. These contain the chromophoric group — N = N— , 
and are all made by the coupling reaction which has already been 
considered in some detail (p. 380). The relative importance of 
the various classes may be estimated from the following statis- 
tics concerning the manufacture of dyes in the United States 
in 1936: 


Class of Dye 

Acid Dyes 
Basic Dyes 
Direct Cotton Dyes 
Mordant Dyes 
Vat Dyes 

(a) Indigo 

(b) Others 
Sulfur Colors 
Other Dyes 


Amount Manufactured 
inJJ. S. A. in 1936 

15,974,423 lbs. 
5,727,303 lbs. 
29,907,629 lbs. 
6,639,885 lbs. 

18,039,419 lbs. 
16,410,094 lbs. 
20,717,889 lbs. 
12,746,989 lbs. 


The total is over 119 million pounds, valued at $63,685,557. 

Acid and Basic Dyes. The simplest method of dyeing cloth or 
yarn is to immerse the material for a short time in a boiling solution 
of the dye, remove, rinse, and dry. Substances which will dye 
cloth in this way are spoken of as direct dyes. It is obvious that 
a direct dye must be a water-soluble, colored compound, and in 
addition must have the property of fixing itself on the fabric. 
Many dyes are direct dyes for animal fabrics (silk and wool), but 
there are relatively few direct cotton dyes. 
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The direct dyes have in the molecule either acid groups or basic 
groups and are classified as acid or basic dyes accordingly. The 
dyestuff is the salt of the acid or basic compound, and like most 
other salts, is soluble in water. In addition to making the com- 
pound soluble, the acidic or basic group also serves to bind the dye 
to the cloth in the case of the animal fabrics. There is probably 
a chemical combination, since the protein material of which animal 
fabrics are composed can form salts with either acids or bases. 
Most dyes are not direct to cotton because the carbohydrate has 
no salt-forming properties. 

H 

Qh.nQqh na.On.nO 

not a dye orange II, 

a dye 

Acid Azo Dyes. The acid group in an acid azo dye is almost 
always the —SO 3 H group. The compound actually used is the 
sodium salt, but the dye bath is acidified. The phenolic group is 


Cone. HCl NaN0 2 Solution 



Fig. 34. Cross section of typical azo dye plant. (Preparation of Orange II.) 

not acid enough to form salts which are essentially neutral. Thus 
p-hydroxyazobenzene is not an azo dye; but a similar azo com- 
pound, orange II, with the S0 3 Na group, is a dye. 
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The S0 3 H group is always introduced into the molecule before 
the coupling process. Either a sulfonated amine is diazotized and 
coupled with a phenol, or the sulfonic group is introduced into the 
phenolic compound before coupling. The dye is the sodium salt 
of the sulfonic acid and is separated by salting out This process 
consists in adding common salt until the solution is saturated. 
Almost all the sodium salts of complex sulfonic acids are insoluble 
in saturated brine. In the preparation of a common acid dye, 
orange II, /?-naphthol (p. 452) is the phenolic substance and 
sulfanilic acid (p. 367) the primary amine employed: 


NH 3 + 

0 + HNO 2 
f 


n 2 + 


+ 2H 2 0 


sor 

(inner diazonium salt) 


n 2 + 


-f 


S 03 - 


NaO/V\ 


V 


N - N 
\ 

HOf^ 
S0 3 Na 



Industrially, orange II is one of the most important acid 
dyes. 

Basic Azo Dyes. These dyes are prepared by coupling diazo- 
nium salts with amines. They are usually employed as the hydro- 
chlorides, in which form they are soluble in water. The substance 
commonly employed for coloring butter is para dimethylaminoazo- 
benzene (p. 381), knowm as butter yellow. The colors of the azo 
dyes range all the way from yellow to black according to the num- 
ber of azo linkages and the nature of the other groups in the 
molecule. 

< )n = N<3 N (CH 3 ), 

butter yellow 


The scientific nomenclature of dyes is so difficult that trade names are used 
almost exclusively in speaking of them. These names often give no clue to 
the chemical structure. Fortunately, there are color indexes published in 
which the trade names and the structure of most common dyes are given. 
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The most readily available of these is the Colour Index of the British Society of 
Dyers and Colourists. 

Ingrain Colors. A very interesting method of coloring cotton 
fabric is to form the dyestuff right in the fiber by a chemical re- 
action. This may be accomplished very readily in the case of the 
insoluble azo compounds. For example, if cotton cloth is im- 
pregnated with an alkaline solution of /3-naphthol and then passed 
through a solution of diazotized para nitroaniline, the bright red 
azo dye is formed on the fiber. 


° 2 N < > N - N y + NaCl. 

OH 

para red 

Dyes which are thus formed on the cloth are called ingrain 
colors. They are very fast to washing and are much used on 
cotton. 

Developed Dyes. Developed dyes are a special class of ingrain 
colors. The cloth is dyed with some dye which contains a primary, 
aromatic amino group. The cloth is then passed through a cold 
dilute solution of nitrous acid, and the amino group of the dye is 
diazotized. The cloth is thus covered with a diazonium salt, and 
if it passed at once into an alkaline solution of a phenol or a min e, 
a coupling reaction takes place. 

Direct Cotton Dyes. One group of acid azo dyes for some 
unknown reason is direct to cotton. They are also direct to 
wool and silk by virtue of being acid dyes. For this reason, they 
may be used on mixed materials and are sometimes called union 
colors. The dyes which are sold for household use usually belong 
to this class since they are designed for use as direct dyes for wool, 
silk, or cotton. 

Practically all the direct cotton dyes have two or more azo 
linkages and two or more sulfonate groups. They are prepared 
by the double diazotization and coupling of certain diamines. 
One of the most important of the diamines which will form direct 
cotton dyes is benzidine (p. 376). 

The two primary amino groups in this compound can be diazo- 
tized in the usual way, and the di-diazonium salt coupled with 
sulfonated phenols or amines to give dyestuffs. One of the 


0 ! nQ,« + 



ONa 
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simplest of these compounds is Congo red, which has the 
formula, 

CjaWNr = N — Ci 0 H 5 (NH 2 )(SO 3 Na) 

I 

C 6 H 4 N = N - CioH 5 (NH 2 )(S0 3 Na). 

The compound is prepared from diazotized benzidine and naph- 
thionic acid, CioH 6 (NH2)(S0 3 H) (I, 4); the coupling takes place 
in the £ position adjacent to the amino group. Congo red suffers 
from the disadvantage of being sensitive to acids as it turns blue 
when treated with a mineral acid. (It is sometimes used as an 
indicator to distinguish strong acids from weak acids, e.g., HC1 
from CH 3 COOH.) The coupling of 3, S'-dimethylbenzidine 
(so-called toluidine prepared from ortho nitrotoluene) with naph- 
thioninc acid yields a compound having the same structure as 
Congo red except for two methyl groups adjacent to the azo 
linkages. It is known as Benzopurpurin 4B, and is one of the 
most important direct cotton colors; it is less sensitive to acids 
than Congo red. 

Chemical Classification of Dyes. Dyes may be best classified 
from a chemical viewpoint by reference to their structure. This 
determines their method of manufacture, and with certain excep- 
tions all dyes of the same chemical class are prepared in the same 
general way. The common classes of dyes are: (1) nitrophenolic 
dyes; (2) azo dyes: (3) triphenylmethane dyes; (4) anthra- 
quinone mordant dyes (e.g., alizarin); (5) indigoids; ( 6 ) anthra- 
quinone vat dyes; (7) sulfur dyes. Other small and relatively 
unimportant classes are known, and some sub-classes of group 3 
practically constitute separate groups of substances; one of these 
includes some dyes prepared from phthalic anhydride which will 
be considered. 

Of the nitro dyes (class 1 ) picric acid (p. 360) and Martius 
yellow ( 2 , 4-dinitro alpha naphthol) may serve as examples. The 
chromophoric group is the nitro group. Because of the strongly 
acid nature of the phenolic group in the nitrophenols, they are 
strong acids and are acid dyes. They dye wool and silk, but not 
cotton. This class is not one of the important groups, but does 
represent the simplest acid dyes. 

The azo dyes have already been considered in sufficient detail, 
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since representatives of this group were used to illustrate various 
types of dyes. All azo dyes are manufactured by a coupling 
reaction. 


Triphenylmethane Dyes 

The triphenylmethane dyes were the first synthetic dyes, 
although it was not for twenty years after their first production 
that their structure was elucidated by Emil Fischer and his cousin 
Otto Fischer (1876). Perkin prepared mauve by oxidizing crude 
aniline and shortly afterwards (1859) Hofmann prepared ma- 
genta (fuchsine) by oxidizing a mixture of aniline and toluidine. 
The final products in each ease were salts (usually hydro- 
chlorides) of a complex base. The substances are, therefore, basic 
dyes. 

Structure of Triphenylmethane Dyes. The chemistry of these 
complex substances is most readily understood by considering 
their relation to triphenylcarbinol and triphenylmethane. The 
derivatives of triphenylcarbinol which have two or more basic 
groups in the para position form highly colored salts; these are the 
triphenylmethane dyes. For example, the colorless di-p-dimethyl- 
amino-triphenylcarbinol forms a green hydrochloride which is 
malachite green. 

X )> N(CH,), NaOH XZ3 = NCCHah 

c 8 h 5 coh( c 8 h 5 c; +H 2 0. 

X )n(CH 3 ). — v X /N(CH s ) 2 

HC1 

colorless maLachite green, 

a triphenyl- 
methane dye 


On treating with alkali, the colorless carbinol (known as the color 
base) is formed again. (Compare formation of pseudo bases, 
p. 518). The structure written for the dye shows a quinoid link- 
age; this is probably the chromophorie group although the exact 
formulation of the triphenylmethane dyes is an open question. 
The chlorine atom is associated with a pentavalent nitrogen and is 
ionic . 

The triphenylmethane dyes owe their name to the fact that the 
color bases (carbinols) are readily reduced to derivatives of tri- 
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phenylmethane. On oxidation of these so-called leuco bases, the 
color base is regenerated: 


/ \n(CH s ) 2 Pb0 2 XZ> N ( CH3)2 

CJIaCII fif CeHaCOH 

]>N(CH s )2 < — x <( )>N (CHs) 2 . 


leuco base, color base, 

colorless triphenyl methane colorless triphenylcarbinol 

derivative derivative 


The leuco base of malachite green is formed by heating ben- 
zaldehyde with dimethylaniline and zinc chloride: 

CaHsCHO + 2 C c H 5 N (CH 3 )2 — > C6H 5 CH(C 6 H 4 N (CHsWa + H 2 0. 


Malachite green is prepared by oxidation of the leuco base and 
subsequent action of hydrochloric acid. 

Resonance of Triphenylmethane Dyes. An inspection of the formula of 
malachite green will show that two arrangements of bonds are possible 
according to whether the quinonoid structure is in the ring written above or 
below on p. 551. If a substituent were present in one ring but not the other, 
the two formulas would represent isomers which differed only in the position 
of the bonds. The reader will recognize that this situation is exactly like 
that already met with in the case of the guanidinium ion, benzene, and other 
aromatic compounds. It is not surprising, therefore, that no such isomers 
have been obtained. Clearly, the two formulas represent two resonating 
structures, and the triphenylmethane dyes a type of system made more 
stable by resonating energy. According to the wave-mechanical interpre- 
tations of the electron theory of valence, this resonance of an unsymmetrical 
ion is responsible for the fact that the triphenylmethane dyes are so highly 
colored. This is the modem statement of a theory which was advanced 
many years ago and which connected the possibility of an oscillating structure 
with the high color. It will be seen that if only one phenyl group carries a 
NH 2 or NR 2 group, no such oscillation (in modern terms, no resonance) is 
possible. While compounds containing only one group are colored, they are 
feebly colored as compared to the dyes. The second basic group is the 
auxochrome group and both increases the intensity of the color and deepens 
the shade (moves the band towards the red). The function of the auxo- 
chrome group in this case is to introduce the possibility of resonance. Reso- 
nance energy also makes the positive ion more stable and favors its formation 
from the color base (a pseudo base). 

The hydroxyl derivatives of triphenylcarbinol illustrate the same prin- 
ciple. If the hydroxyl group is in the para position, such compounds easily 
lose water to form a quinone-like compound. If one hydroxyl group is pres- 
ent the substance is only feebly colored yellow; if two hydroxyl groups are 
present and the sodium salt is formed by the action of alkali, the color is an 
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intense reddish violet. The trihydroxy compound is called aurin; its sodium 
salt finds industrial use as a dye. 



aurin 


Fuchsine. Fuchsine, or magenta, is a triphenylmethane dye 
prepared by oxidizing a mixture of aniline and the isomeric toiui- 
dines. A color base is formed (a triamino-triphenylcarbinol) 
which on treating with acid forms the dye (a salt). The chief 
constituent of the dyestuff thus prepared is known as pararos- 
aniline. It has the following structure: 


H - H <ZX 

, v ,c 

«cy 


=<Z>= n h 2 cl 


pararosaniline 


On treating with alkali the colorless color base of the compound 
is formed which on reduction yields triamino-triphenylmethane. 
This on diazotization and boiling with alcohol (p. 379) forms 
triphenylmethane ; in this manner the constitution of the triphenyl- 
methane dyes was first established: 

(nh<^» iOOH m. (™<3)CH SSL (GHi)sCH 

C2H5OH 

color base of leuco base of triphenyl- 

pararosaniline pararosaniline methane 

Other Triphenylmethane Dyes. A homolog of pararosaniline is known as 
rosaniline. It has a methyl group in the meta position in one ring. It results 
from the ortho toluidine present in the mixture; pure para toluidine and 
aniline yield only pararosaniline. 


h 2 n< )ch 3 + 


<C )>nh 2 
<( )>nh 2 

GEL 


[O] 


CH, 

( N h<^»_coh«3hh.) 


rosaniline color base 
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Crystal violet is the hexamethyl derivative of pararosaniline, the methyl 
groups being substituted for the hydrogen atoms of the amino groups. This 
substitution changes the color from a red to a bluish violet. 

Methyl violet, which contains only five methyl groups, is of a redder 
shade than crystal violet, as might be expected. These dyes can be made 
by methylating the parent dye, but are usually synthesized from methylated 
anilines. The preparation of crystal violet illustrates another method of 
preparing triphenylmethane dyes. A derivative of benzophenone is con- 
densed with an aromatic amine; the substituted benzophenone is made from 
phosgene and dimethylaniline: 

2(CH 3 ) 2 N<( )> + COC1, — > (CH 3 )qN<^ )>CO<( )>N(CH 3 ) 2 , 

Michler’s ketone 


(CH,) 2 N<3\ POCls 

C = O + )>N(CH 3 ) 2 — ■> 

(ch 3 ) 2 n<( y x " 

(CH 3 ) 2 N<( X 

Y=< - > = N(CH 3 ) 2 . 

(CH 3 ) 2 N< X Cl 

crystal violet 


By sulfonating the triphenylmethane dyes, sulfonic acid groups may be intro- 
duced into the molecule, and thus acid triphenylmethane dyes are produced. 

Auramine is a basic dye related to the triphenylmethane dyes, but is really 
a diphenylmethane dye. It may be prepared by heating Michler’s ketone 
with ammonium chloride and zinc chloride: 

O y v ZnCh 

CO<^ )>N(CH 3 ) 2 + nh 4 ci — > 

(CH 3 ) 2 N<( \ 

C = NH 2 C1 + H 2 0, 

(ch 3 ) 2 n<( 'y 

or 

(CH 3 ) 2 N< > - c = <TT> = 

NH 2 Cl 

auramine 

The resonating structure of the positive ion of this dyestuff are similar to both 
those of the triphenylmethane dyes and the guanidinium ion. The intensity 
of color, the stability of the >C = NH group and the relatively strong basicity 
are all explained by the resonance of this ion. Auramine is a bright yellow 
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dye, direct to wool and silk. Almost one million pounds of it were prepared in 
the United States in 1936 (nearly one sixth of the amount of all the basic dyes 
manufactured); its most extensive use is in coloring paper. 

Cotton Dyeing with Basic Dyes. The basic dyes may be 
applied to cotton by treating the cloth with tannic acid (p. 424), 
followed by antimony tartrate (tartar emetic). The acid groups 
of the tannic acid combine with the basic groups of the dyestuff 
forming an insoluble salt of high molecular weight, which adheres 
to the cotton. A substance like tannic acid which binds a dye 
to the fabric is known as a mordant. Cotton cloth soaked in a 
tannic acid solution can be dyed very satisfactorily with the basic 
dyes. At one time the use of the basic dyes with tannic acid as a 
mordant was the common method of dyeing cotton. This process 
has been largely replaced by the direct cotton dyes, the ingrain 
colors, sulfur dyes, and the vat dyes. Although the basic dyes 
may be applied to cotton by the use of mordants, they are not 
classified as mordant dyes. This name is restricted to those dyes 
which are applied to fabrics by means of a metallic hydroxide as 
a mordant. 

Anthraqtjinone Mordant Dyes 

Mordant Dyes. Dyes of this class are themselves incapable of 
dyeing fabrics, but if the cloth is impregnated w T ith a metallic 
hydroxide and boiled with a suspension of the dye a' permanent 
color is formed. The color varies with the nature of the metal. 
The process is usually carried out by soaking the cloth in a solution 
of the acetate of the metal. On boiling the fabric, the acetate is 
hydrolyzed and the metallic hydroxide thus precipitated on the 
fiber, where it combines with the dye. The salts of aluminum, 
iron, chromium, and tin are commonly employed. Alizarin is one 
of the important mordant dyes; with an aluminum mordant, it 
gives the color known as Turkey red which has been much em- 
ployed on cotton cloth. 

If a metallic hydroxide is freshly precipitated in the presence 
of alizarin or a similar, dyestuff, the precipitate is a highly colored 
compound of the hydroxide and the organic material. Such ma- 
terials are called lakes and are employed as pigments. The color 
which develops on the fabric during the dyeing process is pre- 
sumably a lake which is generated directly on the cloth. The 
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mordant dyes all contain one or more phenolic hydroxyl groups 
which are undoubtedly involved in the combination with the 
metallic hydroxides. The lakes are to be regarded as complex 
metal salts of the dyes; only the salts of certain phenols, however, 
have sufficient stability towards hydrolysis to be true lakes. 
Perhaps the most important grouping which results in the forma- 
tion of real lakes is that which occurs with alizarin, whose structure 
we shall now consider. 

Alizarin. Alizarin was once one of the most important dye- 
stuffs. It occurs in madder root and enormous quantities of 
madder were formerly cultivated in Asia and in Europe for the 
production of the dye. After the synthetic production of the 
substance from coal tar, the cultivation of madder was given up. 
Alizarin gradually lost its predominant position by the advent of 
the synthetic dyes for cotton. The use of mordant dyes, including 
alizarin, has greatly declined in the last fifty years, and in 1936 
only 58,138 lbs. of alizarin were manufactured in the United 
States. 

Alizarin is 1, 2-dihydroxyanthraquinone, and it occurs in the 
madder root as a glucoside. This glucoside is readily hydrolyzed 
by enzymatic action or by dilute acids liberating the dyestuffs. 
Together with alizarin in the madder root are various other 


O 



I OH 

II OH 

fY 

yV h 

fTTl 0H 

\A 

JJ 

\A/U 


O 

alizarin 

1, 2-dihydroxyanthra- 
quinone 


OH 


purpurm 

1, 2, 4-trihydroxyanthra- 


hydroxyanthraquinones as glueosides. The most important of 
these is purpurin; it is also a mordant dye, and its presence 
in the madder extracts affected the shade of the dye some- 
what. 


The fact that alizarin was an anthracene derivative was established by 
heating it with zinc dust. Under these drastic conditions the compound was 
reduced to anthracene. This discovery of Graebe and Liebermann’s was 
soon followed by its synthesis from anthraquinone, which was accomplished 
by introducing two bromine atoms and fusing the dibromo compound with 
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alkali. This synthesis proved that alizarin was a dihydroxyanthraquinone. 
The exact location of the two hydroxyl groups was not established, however, 
until some years later. The chromophoric group in alizarin is the quinone 
portion of the molecule. 

Alizarin is now prepared from anthraquinone. The latter is 
sulfonated and the sodium salt of the sulfonic acid fused with 
sodium hydroxide. Not only is one hydroxyl group thus intro- 



duced into the molecule, as would be expected, but a second is also 
formed by the oxidizing action of the atmosphere (see phloro- 
glucinol, p. 391): 

Vat Dyes 

Indigo is the oldest example of the vat dyes. They are applied 
to cotton and to animal fabrics by a peculiar process which is akin 
to ingrain dyeing (p. 549). All vat dyes are highly colored, in- 
soluble powders which pass into water-soluble compounds when 
treated with alkaline reducing agents. The reduction is carried 
out in a vat (hence the name vat dye), and the cloth or yam is 
passed through the solution of the reduced dye. On exposure to 
the air for a short time, the reduced form of the dye is reoxidized 
by the atmospheric oxygen with the formation of the original 
insoluble substance. This material is thus regenerated right in 
the fiber of the cloth and, therefore, like the ingrain colors, the vat 
dyes are very fast. 

There is always a color change in vat dyeing; in the case of 
indigo, the soluble reduced form is colorless and is known as leuco 
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indigo or indigo white. Vat dyeing with indigo may be repre- 
sented by the following equation; the two hydrogen atoms which 
are gained in the reduction and lost in the oxidation are printed 
in heavy type. 


O 

II 


0 



reducing 

OH 

1 

HO 

1 

agent 

c 

C 

2 PI] , 

/ V ^ 

✓ " 

1 

J 0 

-c 

0 2 \ 
from the air 

A/ 
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H H 

indigo white, soluble 


Sodium hydrosulfite, Na 2 S 2 0 4? is the reducing agent which is now 
commonly employed with vat dyes; glucose and alkali may also 
be employed and in former times a fermentation was used to reduce 
the dye. 

Natural Indigo. A number of plants, especially species of 
indigofera which flourish in semi-tropical countries, contain a gluco- 
side known as indican. This glucoside on hydrolysis yields a 


molecule of glucose and one of indoxyl, C 6 H 4 


COH 

(yCE. The 
NH 


latter substance is rapidly oxidized by air forming indigo: 
OH 
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The branches and leaves of the plant are immersed in water and a 
fermentation takes place in the course of a day liberating the indoxyl. 
The solution is then stirred vigorously with paddles and the indigo 
which is formed by the action of the air rises as a dark blue scum. 

Synthetic Indigo. After the constitution of indigo and indoxyl 
was established by Baeyer 1 in 1882, the industrial chemists turned 

1 Adolph von Baeyer (1845-1917), Professor at the University of Munich for 
forty-two years. The Munich laboratory has played an important part in the 
development of organic chemistry. Baeyer was the successor to Liebig, one of 
the founders of experimental organic chemistry, and was followed by Bichard 
WiUstaetter, who determined the structure of the coloring materials of flowers. 
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their attention to the problem of its synthesis from coal tar. The 
problem obviously resolves itself into the synthesis of the relatively 
simple substance indoxyl, since this can be readily converted into 
indigo by atmospheric oxidation. 

A number of different syntheses of indigo were devised and 
several have been operated on a large scale. The first successful 
process started with phthalic anhydride which was cheaply ob- 
tained by the oxidation of naphthalene (p. 448). This method 
has now been replaced by the so-called phenylglycine method 
which starts with aniline. This is heated with monochloroacetic 
acid which is easily prepared by the chlorination of acetic acid 



x qO NaNH 2 
NHCH 2 fusion 


phenylglycine 



indoxyl 


(p. 100). The action of aniline on chloroacetic acid yields phenyl- 
glycine, C6H5NHCH2COOH. This substance on fusion with 
sodium hydroxide and sodamide, NaNH 2 , produces indoxyl. 

CO 

/\ 

The first product of the reaction is probably C 6 H 4 CH 2 which 

V/ 

NH 

passes into indoxyl by the shift of an hydrogen atom (enolization). 
No attempt is made to isolate the indoxyl. The reaction mixture 
is dissolved in water and agitated with air; the indigo soon sepa- 
rates as an insoluble powder. The synthetic indigo has now 
practically driven the natural product from the market. It is 
perhaps the most important single dyestuff now in use; in 
1936 over 18,000,000 pounds were prepared in the United States 
alone. 

Indigo Dyes of Antiquity. Indigo was used as early as 1500 
b.c.; mummies of the Eighteenth Dynasty have been found in 
Egypt with wrappings colored with this dye. The famous im- 
perial purple of the Romans -was a dibromo derivative of indigo 
which was obtained from certain shellfish along the Mediterranean 
coast. The identity of this dye has been established with certainty 
by a recent examination of these shellfish. In this investigation, 
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12,000 specimens yielded only 1.4 grams of the pure substance whose 
structure was established by its analysis, reactions, and comparison 
with a sample of synthetic material. 


CO CO 



H H 


imperial purple of antiquity 
(Tyrian purple) 

The dibromoindigo so highly prized 2000 years ago is not manu- 
factured today because similar shades can be produced by other 
dyes which are cheaper to prepare. Tribromo and tetrabromo 
derivatives of indigo are, however, important vat dyes. They are 
manufactured by the direct bromination of indigo. 

Indigoids. Indigo, its halogenated derivatives, and certain 
related compounds of analogous structure are sometimes referred 
to as the indigoids. They represent one subdivision of the larger 
class of vat dyes. Thioindigo is a red vat dye which has a struc- 
ture analogous to indigo except that a NH group is replaced by a 
sulfur atom. It forms a vat color in exactly the same way as 
indigo, and is applied in the same manner. 

CO CO 

\ / 

c = c 

/ \ 

thioindigo 




Thioindigo and some of its derivatives are important dyes, and are 
prepared in considerable quantities. The chromophoric group in 

I I I I 

the indigoids is the linkage 0 = C — C = C — C = 0. 

Anthraquinone Vat Dyes. Perhaps the simplest representa- 
tive of this important class is algol red. This is the dibenzoyl 
derivative of 1, 4-diaminoanthraquinone; it is a scarlet red vat 
dye which is applied exactly like the indigoids. The reduced, 
soluble form of the dye is the anthrahydroquinone. As we have 
seen, anthrahydroquinone is easily oxidized by air, and this fact is 
one of the underlying principles involved in the use of anthra- 
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quinone derivatives as vat dyes: 


NHCOCgHs 


OH NHCOCeHs 
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NHCOCeHs 


OH NHCOCeHs 

soluble in alkaline solu- 
tion (vat), violet 


The “ vats ” prepared from the anthraquinone vat dyes are usually 
highly colored. 

The first anthraquinone vat dye was prepared in 1901 by 
fusing beta aminoanthraquinone with . alkali. Two molecules 
condensed together. The product is known as indanthrene blue. 



The anthraquinone structure is intact in this dye, and it is reduced 
in the vat to an anthrahydroquinone derivative which is soluble 
in alkali. 

The anthraquinone vat dyes are highly valued for use on cotton. 
They are extremely fast to washing and to light. They are ex- 
pensive to manufacture and are sold at a high price. The rela- 
tively small production of this class of dyes (see p. 546) is not a 
true measure, therefore, of their economic importance. 

A number of important vat dyes have been synthesized which contain 
eight or nine benzene rings condensed together with but two carbonyl groups. 
They may be regarded as the quinones of polynuclear aromatic hydrocarbons. 
On reduction, they pass into alkali-soluble hydroquinones which are easily 
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oxidized by the air. The formula of one of these substances is of interest 
because of its very great complexity. 



O 

indanthrene violet (nine rings) 

These substances are of very high molecular weight and very high carbon 
and low hydrogen content. (Indanthrene, C = 89.6; O = 6.8; H ~ 3.6 per 
cent.) Therefore, as would be expected, they are insoluble in practically all 
solvents, are non-volatile, and have extremely high melting points. They are 
tremendously resistant to attack by even vigorous reagents. For this reason, 
they are the fastest of all known dyes, and can only be removed from a fabric 
by the action of an alkaline reducing agent which converts them into the 
hydroquinone (vat) form. 

Sulfur Dyes 

The sulfur dyes are a group of compounds of unknown structure 
prepared by heating certain aromatic amines, nitrophenols, or 
aminophenols with either sodium polysulfide or sulfur. A con- 
densation of several molecules occurs; nitro groups (if present) 
are reduced and sulfur enters the molecule. The sulfur dyes are 
usually applied by dissolving them in sodium sulfide solution and 
dyeing the cloth in such hot solutions. A sort of vat dyeing is 
probably involved in this operation; sodium sulfide is a reducing 
agent and renders the sulfur dyes soluble by reducing them to a 
more acidic form. On exposure to air, reoxidation occurs, and the 
insoluble dye is left in the fiber. The sulfur colors are used for 
cotton ; they include a number of very good blue, green, yellow, 
and black dyes. 

Sulfur Black. This dye is prepared by heating 2, 4-dinitro- 
phenol or 2, 4, 6-trinitrophenol with a concentrated solution of 
sodium polysulfide. The preparation of the nitrophenol was out- 
lined on p. 361. The output of sulfur black was over 14,000,000 
lbs. in 1936 in the United States, a larger quantity than for any 
other single dyestuff except indigo. 
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Dyes from Phthalic Anhydride 

Condensation Reactions of Phthalic Anhydride. The carbonyl 
group in phthalic anhydride is reactive and enables the compound 
to enter into a variety of condensation reactions, some of which 
lead to interesting and useful substances. When phthalic an- 
hydride is heated with a catalyst (a so-called condensing agent) 
and an aromatic compound having a reactive ortho or para hydro- 
gen atom, water is eliminated and a complex compound results. 
The reaction with phenol is the simplest case. It takes place when 
the two substances are melted together with anhydrous zinc 
chloride or sulfuric acid: 


OH OH 



The product, phenolphthalein, is a colorless solid only slightly solu- 
ble in water. It is manufactured in considerable quantities for use 
as a laxative. Its use as an indicator will be discussed shortly. 

Fluorescein and Eosin. When phthalic anhydride is heated 
with resorcinol and a condensing agent (zinc chloride), a com- 
pound known as fluorescein is produced: 


OH OH 



This substance is an orange powder which is only very slightly 
soluble in water but dissolves in alkaline solution (as a salt). A 
dilute solution has a brilliant green-red fluoresce?ice. The tetra- 
bromo derivative of fluorescein is known as eosin. It is a red 
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powder, soluble in alcohol, and insoluble in water (“ spirit-soluble 
eosin Its disodium or ammonium salt is “water-soluble 
eosin.” It is used as a direct dye for silk and as a biological 
staining material. Red ink is usually a dilute solution of water- 
soluble eosin. 

Mercurochrome is a mercury derivative of dibromofluorescein. The 
group HgOH has replaced one of the hydrogen atoms attached to an aromatic 
ring. The introduction of a mercury atom is often spoken of as mercura- 
tion; it conveys strong antiseptic properties to the molecule. Mercuro- 
chrome is a bright red, water-soluble solid which is used in dilute solution 
as an antiseptic. 


Phenolphthalein as an Indicator 

In the titration of acids and bases, phenolphthalein is often used 
as an indicator. It is red in alkaline solution and colorless in acid 
solution. This change of color is due to a change of structure. 
To understand this somewhat complicated reaction, we shall have 
to recall the behavior of the class of substances known as lactones 
(p. 213), of which phenolphthalein is a complex example. As we 
have seen, certain hydroxy acids form lactones very rapidly and 
the reaction goes to completion. In such a case the free hydroxy 
acid is unknown ; only the sodium salt can be isolated. An illus- 
tration of this is shown below. 

C 6 H 5 

I 

CH 

(X) 

co 

The lactone is formed at once on the acidification of a solution of 
the salt in the example given above. On treating with alkali, the 
ring is opened and the salt is formed. 

Color Change of Phenolphthalein. Returning now to phenol- 
phthalein, it is evident that the lactone ring in this substance re- 
sembles closely that in the compound just mentioned. In phenol- 
phthalein, also, the lactone ring is very rapidly opened and closed 
by making the solution alkaline or acid. In addition to this open- 
ing and closing of the ring, however, another change occurs which 
causes a red color to appear in alkaline solution. The hydroxy 


C 6 H s 

I 


CHOH 
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compound loses water, forming a quinone-like structure in one 
ring; in addition, one of the other phenolic groups forms a salt. 
All these changes are practically instantaneous. The chromo- 
phoric group in the colored (alkaline) form of phenolphthalein is 
the quinoid structure. 


OH OH 



colorless 


ONa OH 



colorless, unstable, 
loses H 2 0 reversibly, 
producing red form 



The highly colored ion of phenolphthalein has the same type of structure 
as aurin (p. 554). The deep color is attributable to the resonance of a nega- 
tive ion; the hydroxyl group of the phenol as well as the carboxyl group is 
ionized in the colored form. 


Other Indicators. There are a great many organic compounds 
which are used as indicators. Some of them are similar to phenol- 
phthalein in structure, and the reason for the change in color is 
essentially the same. With the others, an entirely different set of 
chemical reactions is involved. In every case, however, there is 
a practically instantaneous change (or changes) of structure in acid 
or alkaline solution which alters the chromophoric group in the 
molecule. As an example of another type of indicator, methyl 
orange, or helianthin, may be cited. This is a common indicator 
which turns in a somewhat more acid solution than phenolphthal- 
ein. The [change is probably to be represented by the following 
formulas: 


«On = N<( )>N(CE 3 ) 2 +H+ 

negative ion of salt, yellow; 
alkaline solutions 


HC1 
- — >- 

NaOH 


° 3 sc> h “ n = ^ y 

inner salt, red; 
aeid solutions 


= N(CH 3 ) 2 . 


"is 
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Methyl orange is readily prepared by diazotizing sulfanilic acid 
and coupling it with dimethylaniline. It can be isolated either as 
a solid sodium salt (orange) or in the “ inner salt ” form, a violet 
colored solid. Methyl red is prepared by coupling diazotized 
anthranilic acid (p. 420) with dimethylaniline. It is yellow in 
alkaline solution, and red in acid solution; the reasons for the color 
change are probably exactly like those of methyl orange. 



QUESTIONS AND PROBLEMS 

1. Write the structural formulas for eosin, fluorescein, orange II, alizarin, 
indigo white, butter yellow. 

2. Explain the color changes which take place when a solution of phenol- 
phthalein is treated with alkali and then acid. 

3. Write equations showing the use of diazonium compounds in the 
manufacture of azo dyes and ingrain colors. 

4. Outline the steps in the preparation of malachite green from coal 
tar. 

5. Compare the action of reducing agents on triphenylmethane dyes, azo 
dyes, indigo, and vat dyes. 

6. Classify dyestuffs according to methods of applying them to the fiber. 
Give an example of each class. 

7. Outline the steps in the synthesis of indigo and alizarin. Show how 
the latter substance may be prepared without employing anthracene. 

8. Write equations showing the chemical reactions involved in the appli- 
cation of vat dyes, 

9. Which would you expect to be the stronger base, (C 6 H 5 ) 2 C = = 

NH or pararosaniline? Give the reason for your answers. 

10. Which of the following substances would you predict to be colored: 


C 6 H 6 COCOC 6 H 5 


CH 3 COCH 2 COCH 3 ; 


(C 6 H 5 ) 2 C - C(C 6 H 6 ) 2 ; 


(C 6 H 5 ) 2 C 


-o< 


'C(C 6 H 5 ) 3> - 


(C 6 H 5 ) 2 CH<[3 ~ ^ >N = N< ^ ^ >OH? 

Why could not any of the above colored substances be utilized as dyes? 

11.^ Define the following terms: mordant, chromophore, acid dyes, indi- 
goid, indicator, leuco form, color base, Miehler’s ketone. 
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12. Discuss briefly the relation of chemical constitution to color, pointing 
out what other groups are necessary to make a substance a good dye. 

13. Starting with products found in coal tar, outline the steps for the 
preparation of Congo red or benzopurpurin 4B. 

14. Outline the proof of the structure of a triphenylmethane dye. 


CHAPTER XXXI 

THE AMINO ACIDS AND PROTEINS 

Occurrence of Proteins. Fats, carbohydrates, and proteins 
are the three great classes of compounds which are of prime 
importance to the biologist and biochemist. We have already t 
considered the first two of these classes and shall devote this chapter 
to the proteins alone. Proteins occur widely distributed in both 
plants and animals and are an essential constituent of foodstuffs. 
When vegetable products are consumed by an animal, the vege- 
table proteins are decomposed in the processes of digestion, and 
from the fragments thus formed the animal resynthesizes his own 
proteins. These animal proteins are in part in solution (e.g., in 
the blood) but the larger portion consists of the insoluble materials 
of which the animal tissues are composed. Thus, skin, hair, 
muscle tissue, and the horny material of nails, horns, and hoofs are 
essentially proteins. Thus, the proteins serve as structural 
materials for animals much as the polysaccharides (e.g., cellulose) 
do for plants. Proteins, like fats and carbohydrates, may also be 
used as a source of energy when they are consumed by animals. 

In plants, proteins are found in all the living parts but usually in 
relatively small quantities except in the seeds. 

Relation of Proteins to Amino Acids. In their physical proper- 
ties proteins differ widely from one another. The water-soluble 
material, white of egg, the partially soluble gelatine, and the insolu- 
ble hide of animals are all proteins. In one fundamental respect 
all proteins are similar — by boiling with dilute acid they are all 
hydrolyzed to a mixture of alpha amino acids. Twenty-four 
different amino acids have been isolated from the hydrolysis of a 
variety of proteins. These substances are the building blocks out 
of which the complex protein molecules are constructed. There- 
fore, before proceeding further we must consider briefly the amino 
acids themselves. 
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Amino Acids 


The amino acids are classified according to the relative positions 
of the amino group and carboxyl group. The nomenclature 
follows the same principle as is used with the halogen and hy- 
droxyl derivatives of acids (p. 211). Thus alpha amino-butyric 
acid is CH3CH2CHNH2COOH and beta amino-butyric acid is 
CH3CHNH2CH2COOH. Fortunately, the amino acids which 
are formed by the hydrolysis of proteins are all of one class. 
They are alpha amino acids and we shall confine our attention to 
them. 

Alpha Amino Acids from Proteins. The amino acids which 
have been isolated from the mixtures obtained by hydrolysis of a 
great variety of proteins are listed below for reference. The stu- 
dent is advised to familiarize himself with the special names and 
formulas of one or two representatives of each of the three groups 
into which the acids are divided. The special names are used in 
this field to the almost complete exclusion of a rational nomencla- 
ture. 


Amino Acids Obtained by the Hydrolysis of Proteins 


A. Acids with equal number of basic and acid groups (one each 
except No. 17). 


1. Glycine (Glycocoll): 

2. Alanine: 

3. Valine: 

4. Leucine: 

5. Norleucine: 

6. Isoleucine: 

7. Phenylalanine: 

8. Tyrosine: 

9. Threonine:, 

10. Serine: 

11. Proline: 


CH 2 (NH 2 )COOH 
CH 3 CH(NH 2 )COOH 
(CH 3 ) 2 CHCH (NH 2 )COOH 
(CH 3 ) 2 CHCH 2 CH (NH 2 )COOH 
CH 3 CH 2 CH 2 CH 2 CH(NH 2 )C00H 
C 2 H 5 CH (CH 3 )CH (NH 2 )COOH 
C 6 H 5 CH 2 CH(NH 2 )COOH 
p-HOC 6 H 4 CH 2 CH (NH 2 )COOH 
CH 3 CHOHCH (NH 2 )COOH 
CH 2 OHCH(NH 2 )COOH 

ch 2 ch 2 


CH-COOH 


h 
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12. Hydroxyproline : 


CHOH- 


CH-COOH 


H 


13. Tryptophane: 



C - CHoCHNHa 
II f 
CII COOH 


14. Thyroxine: 


15. lodogorgoic Acid: 


16. Methionine: 

17. Cystine: 


18. Cysteine: 


CHNHaCOOH 


CH 2 CH(NH 2 )COOH 


CH 8 SCH 2 CH 2 CH (NH 2 ) COOH 
SCH 2 CH(NH 2 )COO h 
SCH 2 CH(NH 2 )COOH 
HSCH 2 CH(NH 2 )COOH 


B. Basic Amino Acids (several basic groups and one acid group), 
b Lysine: CH 2 NH 2 CH 2 CH 2 CH 2 CH(NH 2 )COOH 


2. Arginine: 

3. Histidine: 


NH = C~NHCH 2 CH 2 CH 2 CH(NH 2 )COOH 
CH = C - CH 2 CH (NH 2 ) COOH 
N NH 

Vh 


C. Acid Amino Acids (several acid groups and one basic group). 

1. Aspartic Acid: HOOCCH 2 CH(NH 2 )COOH 

2. Glutamic Acid: HOOCCH 2 CH 2 CH(NH 2 )COOHj 

3. £-Hydroxyglutami c 

A cid: HOOCCH 2 CHOHCHNH« 

I 

COOH 
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The alpha amino acids have been classified above according to 
the relative number of acid and basic groups in the molecule. The 
importance of this relationship from the point of view of the behav- 
ior of the substances will soon become apparent. Although tryp- 
tophane has a cyclic NH group in addition to the a-amino 
group, it is placed in group A because the second nitrogen atom has 
no basic properties. On the other hand, the NH groups in the 
saturated rings in proline (All) and hydroxyproline (A 12) and 
in the heterocyclic ring in histidine (B 3) are basic. The phenolic 
group in tyrosine is weakly acidic ; if this group is counted as an 
acid group, tyrosine would be put in class C. 

With the exception of glycine (a-amino acetic acid) all the 
a-amino acids contain one or more asymmetric carbon atoms. 
Therefore, as would be expected, those amino acids which are pre- 
pared from proteins are optically active. 

In the isolation of amino acids from protein hydrolysates, advantage is 
taken of the separation into groups according to the solubility of the acids and 
their salts. The acids in group A are, with the exception of tyrosine (8) and 
the closely related iodine compounds (14 and 15), all very soluble in water but 
insoluble in anhydrous alcohol. They may be extracted from their aqueous 
solutions with n-butyl alcohol by continuous extraction (the butyl alcohol 
layer is saturated with water). When the butyl alcohol solution is rendered 
water-free by distilling off a portion of the alcohol which carries the water with 
it, all the acids, except proline and hydroxyproline, crystallize from the solution. 
The separation of this mixture into its constituents is a matter of great diffi- 
culty. Of the amino acids which are not extracted by butyl alcohol, those of 
group B form insoluble salts with phosphotungstic acid and can thus be pre- 
cipitated by this reagent. The further separation of the acids of this class and 
those of class C usually depends on the differential solubility of certain salts in 
different solvents. 

Synthesis of Alpha Amino Acids. There are several important 
methods of synthesizing a-amino acids in the laboratory. The 
corresponding simple acid may be halogenated in the alpha posi- 
tion by the action of chlorine or bromine on the acid or the acid 
chloride. We have already met this reaction in the preparation 
of chloroacetic and a-chloro-propionic acids (p. 100). On treat- 
ment with ammonia, a-chloro or bromo acids readily yield a-amino 
acids: 


CH 2 ClCOOH + 2NH 3 


ch 2 nh 2 cooh + NH 4 C1. 
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A closely related procedure involves the Gabriel synthesis 
(p. 427) starting with an alpha bromo ester. Another method of 
synthesis starts with an aldehyde. This is treated in an aqueous 
or alcoholic solution with sodium cyanide and ammonium chloride. 
Solutions of a cyanide always contain considerable free hydro- 
cyanic acid from hydrolysis (hydrocyanic is a very weak acid), 
and this hydrocyanic acid adds to the aldehyde forming a cyanohy- 
drin (p. 117): 

RCHO + HCN — >• RCHOHCN. 

The alkali formed by the hydrolysis (NaCN + H 2 0 =5=^ NaOH 
+ HCN) liberates ammonia from the ammonium chloride, and 
this reacts with the cyanohydrin: 

RCHOHCN + NH S — > RCHNHsCN + H 2 0. 

The amino cyanide, RCHNH 2 CN, is thus directly formed by the 
interaction of the aldehyde and the two inorganic substances. 
The a-amino cyanide may be hydrolyzed to an a-amino acid by 
boiling with dilute acid. 

Finally, the preparation of alpha amino acids by the reduction 
of alpha keto acids in the presence of ammonia should be men- 
tioned: 

RCOCOOH + NH 3 + 2[H] — > RCH(NH 2 )COOH + H 2 0. 

Amino Acids as Inner Salts. In discussing sulfanilic acid it was 
pointed out that its physical properties and chemical behavior are 
best represented by the “ inner salt formula.” The amino acids 
are also inner salts; they may be written as, RCHNH 3 +. As in 

I 

coo- 

the case of sulfanilic acid, most of the solid amino acids have a 
surprisingly high melting point (above 230°) and are only slightly 
soluble in organic solvents (though they are readily soluble in 
water). 

The amino acids themselves are amphoteric substances (p. 393); 
when treated with either mineral acids or strong bases, they form, 
crystalline salts which are soluble in water. 

RCHNHsCl HCI RCHNHs + NaOH RCHNH 2 

COOH NaOH COO- ici COONa 
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This amphoteric property of amino acids we shall see later is 
reflected in the behavior of certain proteins. The amino acids of 
class A (p. 569) are themselves essentially neutral and form salts 
with one molecule of either an acid or a base. Solutions of those 
containing several basic groups (class B), on the other hand, are 
alkaline and those of class C weakly acid. The former will react 
with two molecules of a mineral acid and only one of base, while 
with the latter the situation is just reversed. In both instances 
one amino group and one carboxyl group may be regarded as internally 
neutralized; the remaining basic or acid group is free to exert its 
normal function. 

The total net electrical charge on the organic molecule will 
clearly depend on the acidity of the solution. In acid solution the 
amino acid will be present as a positive ion, RCHNH 3 + COOH, in 
alkaline solution as a negative ion, RCHNH 2 COCT, and at a 
certain acidity the net charge will be zero since the molecule has 
the structure RCHNH 3 + COCT. In acid solutions, the amino 
acids migrate to the cathode (— ) when the solutions are electro- 
lyzed; in alkaline solutions, the molecules move to the anode (+). 
At a definite hydrogen ion concentration, when the net charge is 
zero, the compound moves neither to the cathode nor to the anode. 
This point is known as the isoelectric point. Its value depends on 
the relative strengths and number of acid and basic groups in 
the amino acid molecule. 

Reactions of Amino Acids. As would be expected, the a-amino 
acids show the characteristic reaction of both organic acids 
and primary aliphatic amines. They are readily esterified in the 
usual manner and the esters may be purified by distillation. 
This fact may be taken advantage of in the separation of the 
acids of group A. The reaction with nitrous acid liberates 
nitrogen and forms an hydroxy acid (p. 160). This is the basis 
of a convenient quantitative method used in studying amino acids 
and proteins. 

RCHNH 2 COOH + HN0 2 — > RCHOHCOOH + N 2 + H 2 0. 

Creatine. NH 2 C( = NH)N(CH 3 )CH 2 COOH. In addition to 
the amino acids which have been obtained from the hydroly- 
sis of proteins (listed above), a few others also occur in 
nature. The most important of these is creatine, which may 
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be regarded as derived from glycine since it contains the chain 
N — CH 2 COOH. 

Creatine is present in muscle tissue partially free and partially 
combined (amide linkage) with the phosphoric acid group. Crea- 
tine phosphoric acid together with adenylic acid pyrophosphate 
(p. 527) are involved in the changes which take place during con- 
traction and relaxation of muscle. 

Small amounts of creatine are normally excreted in the urine in 
the form of the cyclic compound creatinine. 


HN: 




NH CO 


\ 


N(CH 3 )-CH 2 


Creatinine also occurs widely distributed in plants; it is easily 
formed from creatine by warming an aqueous solution containing 
a little mineral acid. When treated with alkali, creatinine forms 
the salt of creatine. We are here dealing with the opening and 
closing of a ring very similar to that which occurs in lactones 
(p. 213). 

Ornithine. Another alpha amino acid, not itself a product of 
protein hydrolysis but closely related to one of the twenty-four 
acids, is a, 5-diamino valeric acid, NH 2 CH 2 CH 2 CH 2 CH (NH 2 )- 
COOH, known as ornithine. It is produced in the liver by the 
hydrolysis of arginine by the enzyme arginase. It has been shown 
that ornithine goes through a cyclic process by which the liver 
synthesizes urea from ammonia and carbon dioxide. Each step is 
brought about by an enzyme but in only the last can the trans- 
formation be brought about outside the intact cell by an enzyme 
preparation (arginase, see p. 593). 


NH S + C0 2 + NH 2 (CH 2 ) s CH (NH 2 )COOH — > +NH S 

ornithine NH 2 CONH(CH 2 ) 3 CH(NH 2 )COOH — >- 

citrulline 


+h 2 o 

NH 2 C(=NH)NH(CH 2 ) 3 CH(NH 2 )COOH — > urea + ornithine. 

arginine 


Although we have no information as to the way the plant or 
animal cells synthesize the various amino acids, it is interesting to 
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note the close relationship of arginine to histidine (ring closure 
with loss of hydrogen and ammonia) and of ornithine to proline 
(ring closure with loss of ammonia). Hydroxyproline is obviously 
closely connected. Tryptophane may be considered as N-phenyl- 
ornithine in which ring closure and dehydrogenation have taken 
place. Thus, the ornithine skeleton N — C — C — C— CH(NH 2 )- 
COOH occurs in arginine, histidine, tryptophane, proline, and 
hydroxyproline. Glutamic and hydroxy glutamic acids contain 
the same carbon skeleton but no second nitrogen atom. 

Cysteine and Cystine. Cystine is a disulfide (p. 267) which on reduction 
readily forms two molecules of cysteine, which contains the mercaptan group. 
On oxidation cysteine forms cystine : 

CH 2 —S— S—CH 2 i ^ CH 2 SH 

| 1 I reduction j 

CHNH 2 CHNH 2 2 CHNH 2 . 

I ! oxidationj i 

COOH COOH < — 1 COOH 

cystine cysteine 

The oxidation of cysteine to cystine is brought about even by the air. In 
many proteins it is probably cysteine and not cystine which is really present. 
Cysteine and cystine, like quinone-hydroquinone, form a strictly reversible oxi- 
dation-reduction system. Unlike the quinones, however, the speed at which 
equilibrium is attained in aqueous solutions in the case of the sulfur compounds 
may be slow. Proteins or polypeptides containing cystine may be involved 
as catalysts in oxidation-reduction processes in nature; in the presence of suit- 
able enzymes, the oxidation of the SH group to S— S and the reduction of the 
latter becomes as rapid as the corresponding changes in the hydroquinone 
system. * 

Other Related Substances. The decarboxylation of the amino 
acids results in the formation of a variety of nitrogenous bases. 
The process occurs in nature during putrefaction and decay. Thus 
arginine (by way of ornithine) yields putrescine, NH 2 (CH 2 ) 4 NH 2 
(p. 169). Skatole, /5-methylindole, a substance with a very dis- 
agreeable odor, is formed from tryptophane. By a bacterial decom- 
position, tryptophane is also degraded to /3-indole acetic acid 
which is present in urine. /3-Indole acetic acid is important in 
plant biochemistry as it is a growth-regulating substance for plants. 
For this reason it is classified as one of the plant hormones and is 
known as heteroauxin. 
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Glycine is frequently found in the form of its acyl derivatives. 
The glycocholic acid of bile (p. 495) is one example. Benzoyl 
glycine or hippuric acid, CsHbCONHCH^COOH, found in the urine 
of horses, is another. 

Betaine is a derivative of glycine in which the nitrogen atom has been con- 
verted into a quaternary ammonium salt by complete methylation. Since the 
resulting base is very strong (see p. 167) the compound exists entirely as an 
“ inner salt.” 

(CH 3 ) 3 ]srcH 2 co6 

betaine 

Since betaine is an inner salt of a strong base and a weak acid (a substituted 
acetic acid), it will form a hydrochloride, [(CH 3 ) 3 NCH 2 COOH]Cr, but not a 
sodium salt. In the hydrochloride the ionization of the weak acid has been 
suppressed by the mineral acid. Betaine occurs widely distributed in plants 
and has also been found in animal tissue. It can be obtained from the residues 
of beet sugar molasses or prepared synthetically by methylating glycine. It is 
a crystalline solid with a very high melting point (like glycine itself) ; it is very 
soluble in water from which it crystallizes with a molecule of water of crystalli- 
zation. It is interesting to note that choline (p. 190) is the primary alcohol 
corresponding to betaine. 

Peptones and Polypeptides 

Proteins are completely hydrolyzed to amino acids by boiling 
for several hours with 10 per cent sulfuric acid or 30 per cent 
hydrochloric acid. The decomposition is also brought about by 
enzymes. These are involved in the digestion of proteins. Pep- 
sin is present in the stomach and acts in a somewhat acid solution; 
trypsin, which occurs in the pancreatic juice, and erepsin, in the 
intestines, are involved also in the complete disintegration of the 
complex molecule. Each animal undoubtedly resynthesizes from 
the individual amino acids the particular proteins which constitute 
its tissue. 

By studying the action of the proteolytic enzymes which can be 
isolated from living tissue, it has been possible to obtain mixtures 
of substances which are intermediate between proteins and amino 
acids. These are known as proteoses and peptones. They are 
water-soluble materials; unlike most proteins they do not co- 
agulate on heating. Their molecules must be a great deal 
smaller than those of the proteins but they are still complex sub- 
stances. 
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The synthetic work of Emil Fischer 1 showed that the proteoses 
and peptones are built up of many molecules of amino acids joined 

0 

✓ 

by the amide linkage, — C — NH — . Fischer synthesized sub- 
stances which he called peptides. The simplest is glycyl-glycine, 
CH 2 NH 2 CONHCH 2 COOII ; this is a dipeptide. A more compli- 
cated example is leucyl-glycyl-glycine, a tripeptide: 

O O 

(CH 3 ) 2 CHCH 2 CHC-NHCH a C^NHCH a COOH. 

nh 2 

The most complicated peptide that he prepared was composed of 
18 molecules of amino acids (15 of glycine and 3 of leucine). 
This substance had a molecular weight of 1213 and in its general 
behavior was very similar to the natural peptones and proteoses. 
This polypeptide was even hydrolyzed by the enzymes, trypsin 
and erepsin. When it is recalled that the action of enzymes is 
very specific, it is clear that this fact is important evidence for the 
similarity between the synthetic material and the partial decompo- 
sition products of proteins. 

A consideration of the structure of a peptide makes it evident 
why these substances can be hydrolyzed. The reaction is exactly 
lik& the hydrolysis of an amide (p. 150) and like this process is 
catalyzed by hydrogen or hydroxyl ions. 

The Synthesis of Polypeptides. Fischer employed a number of 
closely related methods in his synthesis of complex polypeptides. 
Two examples only will be given. The acid chloride of an a halo- 
gen acid can be readily prepared from the a halogen acid (see also 
p. 101). If this substance is treated with an amino acid, the 
following reaction takes place: 

CICH2COCI + H 2 NCH 2 COOH — >- C1CH 2CONHCH2COOH. 

On treating the product with ammonia, a dipeptide is formed: 

ClCH 2 CONHCH 2 COOH + 2NH3 — > CH 2 NH 2 CONHCH 2 COOH +.NH4CL 

1 See p. 303. Fischer’s principal work on proteins was during the period 1899- 
1906, A very large part of our knowledge concerning monosaccharides, proteins, 
and tannins is due to his extraordinary genius. 


I ! 
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The acid chlorides of the amino acids themselves are very diffi- 
cult to prepare but this may be accomplished in a few instances by 
the action of phosphorus pentachloride and acetyl chloride on the 
amino acid. These acid chlorides will react with an amino acid, 
producing a dipeptide, or with a dipeptide, forming a tripeptide. 
An example of the latter reaction would be the preparation of 
glyeyl-glycyl-glyeine. 

CH 2 NH 2 COCI + H 2 NCH 2 CONHCH 2 COOH — > 

CH 2 NH 2 CONHCH 2 CONHCH 2 COOH. 

It is evident that by repeating either of these two methods a mole- 
cule may be constructed containing many of the simple amino 
acid residues. However, the preparation of acid chlorides of 
amino acids containing other reactive groups, such as hy- 
droxyl, is not possible and, in general, these methods are not 
applicable to the synthesis of polypeptides composed of acids of 
groups B and C (p. 570) or even the more complicated acids of 
group A. 

Since Fischer's work, numerous special procedures have been 
devised for synthesizing peptides from certain of the more compli- 
cated amino acids. In general, methods have been sought of pro- 
tecting the reactive groups in the molecule, including the alpha 
amino group, before the acid is treated with such a reagent as 
phosphorus pentachloride to form the acid chloride. The difficulty 
has been to then remove these protecting groups after the peptide 
has been synthesized without hydrolyzing the peptide link. The 
use of the carbobenzyloxy group, C6H5CH2OCO — (also called a 
carbobenzoxy group) has recently been introduced with great 
success. If benzyl alcohol is treated with phosgene under suitable 
conditions, the benzyl ester of chloroformic acid (p. 247) is formed, 
0 
s 

C 6 H 5 CH 2 OC— Cl, This substance is in a sense both an ester 
and an acid chloride. It readily reacts with amino com- 
pounds replacing one hydrogen atom by the CeHsCT^OCO — 
group. This protecting group may be removed when desired 
by catalytic hydrogenation or by reduction with metallic so- 
dium in liquid ammonia. (This latter method also removes 
benzyl groups, CeHsCHo — which may have been introduced 
to protect hydroxyl or mercaptan groups during peptide syn- 
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thesis.) A simple example of the use of the carbobenzyloxy 
group is as follows: 

O 

PCI 

CeHsCHzOC-Cl + H 2 NCH 2 COOH — > C 6 H 6 CH 2 OCONHCH 2 COOH — > 
RCHNH 2 COOH 

C 6 H 5 CH 2 OCONHCH 2 COC1 ^ C 6 H 5 CH 2 OCONHCH 2 CONH- 

2[H] 

CHRCOOH — ^ CcH 5 CH 3 + C0 2 4- NH 2 CH 2 CONHCHRCOOH. 

Degradation of Peptide Chain. Polypeptides are hydrolyzed to the con- 
stituent amino acid by heating with acids or by the action of various enzymes. 
Complete hydrolysis, although it reveals the amount of each amino acid com- 
bined in the peptide, obviously gives no information as to the order in which the 
components are linked. Thus leucyl-glycyl-alanine and glycyl-alanyl-leucine 
would yield identical mixtures of amino acids on hydrolysis. Stepwise' 
hydrolysis is possible in certain instances by means of enzymes and important 
information can sometimes be obtained in this manner. A general procedure 
has been developed taking advantage of the Curtius reaction of the acid azides 
(p. 255) and of the cleavage of the carbobenzyloxy linkage by reduction. Each 
constituent amino acid residue can be removed from a peptide chain step 
by step in the form of the corresponding aldehyde (which is identified by the 
usual method). The fundamental reactions may be illustrated by letting 
(AR)CONHCHRCOOH stand for a polypeptide whose terminal constituent 
on one end is the amino acid RCHNH 2 COOH and (AR) the rest of the mole- 
cule. 

nh 2 nh 2 

( AR) CONHCHRCOOH — > (AR)CONHCHRCOOC 2 H 5 — ^ 

(AR)CONHCHRCONHNH 2 

HN0 2 heated C6H 5 CH 2 OH 

— >- (AR)CONHCHRCON 3 — (AR)CONHCHRNCO > 

not isolated 

2H hydrolyze 

(AR)CONHCHRNHCOOCH 2 C 6 H 5 — >- (AR)CONHCHRNH 2 5 - 

(AR)CONH 2 + ECHO 4- NH 3 . 

In practice the terminal free amino group of the peptide is first converted into 
the C 6 H 5 CONH— group by treating the peptide with benzoyl chloride; other 
reactive groups would have to be protected also. The final cleavage depends 

NH 2 

on the fact that a compound of the type RCH on hydrolysis would 

^NHCOR 
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yield a compound with two amino groups on the same carbon atom. Such 
substances, like those which might have two hydroxyl groups (p. 125), are 
unstable and in aqueous solution yield ammonia and an aldehyde. The other 
product of the reaction, an acid amide, may be converted into the azide required 
for the next step of the degradation by treating with hydrazine (replacement 
of — NH 2 by — NHNH 2 ) followed by nitrous acid. 

Degradation of glycyl-alanyl-leucine by this procedure yields in the first 
step, isovaleric aldehyde and in the second, acetaldehyde and glycine (as the 
benzoyl compound). 


Proteins 

In considering the structure of the proteins, it is convenient to 
recognize at the outset two large subdivisions of this great class of 
naturally occurring compounds. In one group we may place 
those fibrous insoluble proteins such as constitute the major part 
of wool, hair, silk, and the connective tissues of animals. In the 
other we may place all the other plant and animal proteins which 
are soluble without decomposition in either water, water-alcohol 
mixtures, dilute aqueous salt solutions, or dilute aqueous alkali or 
acid. The substances in both classes are clearly of very high 
molecular weight and on hydrolysis are completely broken down 
to a mixture of amino acids. 

The differentiation of proteins into these two groups corre- 
sponds, as we shall see, not only to very different physical and 
chemical properties (e.g., solubility) but to a somewhat different 
composition and to a different shape of the molecule. 

Keratin and Fibroin. Hair and silk are nearly pure proteins; 
the former is known as keratin, the latter as fibroin. They dis- 
solve only in strong acids and bases and are at least partially 
decomposed under these conditions. They are insoluble in all of 
the ordinary solvents and the usual methods of organic chemistry, 
therefore, are not available for investigating their structure. The 
use of physical methods has, however, thrown much light on the 
structure of these proteins. By using essentially the same tech- 
nique as is employed in determining the structure of crystals by 
X-ray diffraction, it was shown that fibroin and keratin molecules 
contain a recurring pattern of atomic centers. These, we have 
every reason to believe, are the characteristic recurring links of the 
peptide chain. The keratin and fibroin molecules are thus com- 
posed of very long peptide chains just as the cellulose molecule 
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(p. 318) is composed of a long chain of connected cellobiose mole- 
cules. Certain ones of these protein fibers show two different 
X-ray patterns according to whether they are stretched or 
unstretched. The distances between recurring centers is much 
greater in the stretched form. This indicates that in the normal 
fiber the chain is somewhat coiled by virtue of attraction, perhaps, 
between alternating CO and NH groups. This would bring the 
side chains represented by RiR 2 (below) nearer together. It is 
the recurring pattern of these branches which produces the charac- 
teristic X-ray diffraction. The distance between CHR groups in 


3.5 a — ^ 



Fragment of keratin molecule in stretched fibre. 


the extended chain is 3.5A according to the X-ray measurement. 
This is practically identical with the distance calculated from the 
known intemuclear distances of the normal C— C (1.54 A) and the 
C — N links (approx. 1.4A), assuming a valence angle of both links 
of 109° 28'. 

Composition of Fibrous Proteins. The amino acids obtained 
from the hydrolysis of the inert insoluble proteins such as silk, 
hair, wool, and hide are largely those of group A (p. 569). This 
means that the side chains (Ri, R 2 , R 3 , etc.) extending away from 
the polypeptide chain are chemically inert. Fibroin (silk) is 
composed almost entirely of glycine, alanine, and tyrosine. The 
amino acids of group C are absent and only very small quantities 
of arginine and lysine (class B) are present. Keratin from wool 
contains a larger percentage of the basic amino acids. On hydroly- 
sis of keratin (wool), glutamic acid (class C) is also formed in con- 
siderable amounts, but so is free ammonia. This indicates that 
almost all of the COOH groups in the side chain of d-glutamic 
acid are present as neutral amide groups — CONH 2 . The insolu- 
bility of the fibrous proteins in dilute aqueous acids and bases is 
thus explained both by their high molecular weight and by the 
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absence of any large number of acid or basic groups in the side 
chains. 

Classification of Other Proteins. Leaving aside the inert pro- 
teins we have just been considering, we may classify the others 
by their solubility relations. This is a rough empirical but 
useful classification, fand we shall see that it is not unrelated 
to the preponderance of one type of amino acid or another in the 
molecule. 

1. Albumins: Soluble in water and dilute salt solutions. Egg 
albumin (white of egg) is an example. 

2. Globulins: Insoluble in water but soluble in dilute solutions 
of neutral salts. The vegetable protein, edestin (from hemp seed), 
and the animal protein, serum globulin (in the blood serum), are 
two examples of this class. 

3. Glutelins : Insoluble in water or dilute neutral salt solutions. 
Soluble in alkaline or acid solution. Glutenin, which occurs in 
wheat, is a representative. 

4. Prolamines: Insoluble in water or dilute salt solutions. 
Soluble in 80 per cent alcohol. All the representatives of this 
class are vegetable proteins. Zein occurs in corn, gliadin in 
wheat. 

5. Histones and Protamines: Basic proteins, soluble in water 
and acids. The two classes are usually separated on the basis of 
the insolubility of histones in ammonia. Protamines occur in 
ripe fish sperm. 

In some classifications, fibroin, keratin, and the other fibrous 
proteins are classified as a sixth group, albuminoids. The name 
which suggests some relation to the albumins is, however, unfortu- 
nate. 

Acid and Basic Properties. A large number of the proteins are 
amphoteric substances; they combine with acids or bases forming 
water-soluble salts. This process is strictly reversible unless very 
strong acid or alkali is employed, in which case the protein may be 
altered (denatured). The globulins and glutelins which are 
insoluble in water dissolve in dilute acid or basic solution because 
of the formation of water-soluble salts. Their behavior is exactly 
like that of the aminophenols (p. 393). 

As in the ease of the amino acids, each amphoteric protein will 
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migrate during electrolysis of the solution to either the anode or 
cathode, depending on the acidity of the medium. The isoelectric 
point at which no migration takes place is an important characteris- 
tic of each protein. 

In general, proteins are least soluble near their isoelectric point. 
Therefore, in “ salting out ” proteins or precipitating water-insolu- 
ble proteins, care is taken to bring the acidity of the solution to the 
proper value. For egg albumin this is a hydrogen ion concentra- 
tion of 15 X 10~ 6 ; for hemoglobin, 2 X 10“ 7 . It will be recalled 
that pure water has a hydrogen ion concentration of 1 X 10~ 7 . 

In addition to the amphoteric proteins, there are others in which 
either the acid or basic properties are especially pronounced. The 
protamines which occur in fish sperm are an example of a basic 
protein. Zein, the protein of corn, is just the reverse; it reacts 
with bases but not with acids. For this reason, zein dissolves in 
alkaline solution but not in acids. 

The Significance of Acid and Basic Amino Acids. If the pro- 
tein molecules were composed only of the amino acids listed in 
class A of our tabulation (p. 569), they would be neutral sub- 
stances without acid or basic properties. An approach to this 
condition is found in the case of keratin and fibroin. If a large 
proportion of the constituent amino acids were of class C, the side 
chains would carry carboxyl groups. Unless these groups were 
present as amides (as in the case of wool), the protein should have 
the capacity of forming salts with bases. The presence of a large 
proportion of basic amino acids (group B) in a protein should 
endow it with the property to form salts with acids. If, however, 
representatives of both class B and C were present in goodly num- 
ber, the large molecule should be amphoteric. This is the case 
with egg albumin, for example, which contains about 10 per cent 
of basic amino acids and about 15 per cent of acidic amino acids 
(class C). An examination of the amino acids formed by hydroly- 
sis has shown that the acid and base binding capacity of different 
proteins is determined by the nature of the amino acids of which their 
molecules are composed. 

A few examples will make this clear. Zein which has no basic 
properties contains an extremely small amount of basic amino 
acids, but the protamines, which are basic, yield on hydrolysis 
large amounts of amino acids with basic groups (class B). Quanti- 
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tative experiments have shown that casein neutralizes twice as 
much sodium hydroxide as it does hydrochloric acid. The compo- 
sition of this amphoteric protein corresponds closely with this 
relationship; it yields about twice as many molecules of the acid 
amino acids (class C) as basic amino acids (class B). Thus the 
amino acids with extra basic or acid groups are of fundamental 
importance in determining the behavior of proteins. 

Purification of Proteins. The method of purifying proteins is 
based on their solubility in water and in salt solutions. Strangely 
enough, some proteins which are insoluble in pure water are solu- 
ble in dilute salt solutions. These are called globulins. All pro- 
teins are insoluble in a concentrated salt solution such as saturated 
ammonium sulfate. Water-soluble proteins, therefore, may be 
“ salted out ” by the addition of solid ammonium sulfate. The 
precipitate redissolves on treatment with pure water. A number 
of proteins have been obtained in the crystalline condition by care- 
ful regulation of the hydrogen ion and salt concentration of satu- 
rated solutions. The recrystallization of such proteins is the best 
method of purification. The crystals are kept moist through- 
out the procedure as drying alters most soluble proteins to some 
extent. 

There are proteins found in grain which are soluble in an 
80 per cent mixture of alcohol and water but are insoluble 
in both pure water and pure alcohol; they are known as 
prolamines. 

Irreversible Precipitation of Proteins. The reversible precipi- 
tation just mentioned is very different from the irreversible precipi- 
tation of proteins which is brought about by a number of reagents 
such as trichloroacetic acid, tannic acid, picric acid, concentrated 
nitric acid, and phosphotungstic acid. The mercury, lead, and 
copper salts of proteins precipitate when soluble salts of these 
metals are added to protein solutions. This is also essentially an 
irreversible process as the original protein can not be obtained from 
these precipitates. The precipitation of proteins by such reagents 
is useful in testing for proteins or removing them from a solution 
but can not be used in purification as the process in some way alters 
the material. 

The majority of water-soluble proteins are precipitated when 
their solutions are heated. This process is irreversible. The 
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“ cooking ” of white of egg is a common example of the heat coagu- 
lation of a protein. 

Molecular Weights of Proteins. Even the water-soluble pro- 
teins are substances of very high molecular weight. The usual 
direct methods of determining molecular weight, for example, by 
the observation of the freezing point of solutions of known concen- 
tration can not be employed. With substances of large molecular 
weight the depression is too slight to be measured accurately and 
the presence of even small quantities of inorganic impurities would 
vitiate the result. Some determinations of the osmotic pressure 
of protein solutions have given fairly satisfactory information in 
regard to the molecular weights but the most reliable method 
depends on the use of the ultra-centrifuge. In this procedure a 
solution of the substance of high molecular weight is spun at very 
high speeds. The centrifugal force thus generated moves the 
dissolved molecules away from the center. While the container 
is still being rotated at the desired speed the concentration gradient 
from the center to the outside edge is determined by a photographic 
method. Knowing the speed, the dimension of the ultra-centri- 
fuge, and the change in concentration of the protein solution 
throughout the revolving container, it is possible to calculate the 
molecular weight. Some of the results obtained are given below: 


Molecular Weights of Some Proteins 


Lactalbumin 

17,500 


Gliadin 

27,000 


Zein 

35,000 


Insulin 

38,000 


Egg Albumin 

42,000 

(By osmotic pressure, 35,000) 

Hemoglobin 

68,000 

(Same value by osmotic pressure) 

Serum albumin 

68,000 

(By osmotic pressure, 75,000) 

Serum globulin 

167,000 

(By osmotic pressure, 175,000) 

Phycoeyan 

272,000 


Edestin 

309,000 


Hemocyanin 

6,700,000 



In solution the proteins are probably present in more or less 
spherical globular form. When they are distributed as a thin film, 
however, on the surface of a liquid, the soluble proteins appear to 
approach the condition of the fibrous proteins; the molecules then 
consist of parallel, extended, polypeptide chains. 
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Denaturation. Perhaps the most characteristic property of the 
soluble proteins is the ease with which they undergo a change 
known as denaturation. A denaturated protein is less soluble 
than the normal (or native) protein and it will not crystallize. 
Drying, treatment with rather concentrated acid or alkali, and 
the addition of alcohol to an aqueous solution denature many pro- 
teins; a concentrated solution of urea is also an effective agent 
for bringing about denaturation. The ease with which many 
proteins are thus altered makes the manipulation of this class 
of substances peculiarly difficult. The technique employed is, 
therefore, quite different from that used with most organic com- 
pounds. 

The coagulation of protein solutions on heating and the precipi- 
tation with many reagents, such as metallic salts and tannic acid, 
are examples of extreme denaturation. Certain proteins, if 
denatured by relatively mild reagents, can be slowly restored to 
the native state by dissolving in alkali and then adjusting the 
hydrogen ion concentration to a proper value. Measurements 
of the molecular weight by the osmotic pressure method indicate 
that in a number of instances there is no change in the molecular 
weight on denaturation. With a few proteins of very high molecu- 
lar weight, denaturation appears to involve a dissociation of the 
molecule into as many as six parts. 

Structure of Soluble Proteins. The presence of a considerable 
number of basic and acid amino acids (groups B and C) in a pro- 
tein molecule must mean that many side chains carry electric 
charges. The acidic and basic groups must interact to form salts 
by transfer of a proton. Thus, a hypothetical fragment of a pro- 
tein molecule containing considerable amounts of lysine, arginine, 
and glutamic acid might be represented as follows: 

COCT NHC(NH 2 ) 2 + COO" NH*+ 

(CH 2 ) 2 (CH 2 ) 3 (CH 2 ) 2 (CH 2 ) 3 

— CO NHCHCONHCHCO NH CH C ON HCHCONH— 

glutamic arginine glutamic lysine 

acid residue acid residue 

residue residue 

The existence of many electric dipoles on a chain must modify 
enormously the forces involved in the arrangement of the chain in 
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three dimensions. Furthermore, a large molecule carrying these 
charges has -unusual properties. A solution of a protein has an 
enormously high dielectric constant. This fact is of great signifi- 
cance not only to protein chemistry but to biology. Some of the 
larger protein molecules may be aggregates of several molecules 
held together by electrostatic charges. In some cases, the 
apparent molecular weight is a function of the concentration and 
the hydrogen ion concentration. 

It seems probable that in the globular form in solution the 
polypeptide chain is folded into some network. Whether, in the 
folding of a chain into a globular form, real covalence forces are 
involved, is still a matter of discussion. It has been suggested that 
six-membered rings are formed by cyclization of the CO group with 
the NH group twice removed along the chain. The dissolved pro- 
tein molecule is also probably heavily hydrated. 

Denaturation seems to involve the change of an ordered three- 
dimensional pattern of the native globular protein in the direction 
of a more random arrangement of the polypeptide links. Some 
valence bonds may be broken in this process but no drastic cleav- 
age of the polypeptide chain is involved. 

Although synthetic work established the fact that the proteoses 
are polypeptides (p. 577), the difference in behavior and molecular 
weight between these compounds and proteins led some chemists 
to believe that other types of linkages were characteristic of pro- 
teins. All the evidence accumulated in recent years, however, 
indicates that the polypeptide chain is the essential element in the 
structure of even the giant molecules of a protein. It has been 
established, for example, that some of the enzymes which hydro- 
lyze native proteins are also effective in hydrolyzing synthetic 
peptides. They attack preferentially the interior peptide links. 
Thus, the enzymatic hydrolysis of a protein seems to involve only 
the hydrolysis of the — CONH— bond. 

Arrangement of Amino Acid Residues. The properties of a given protein 
must depend to a large extent not only on the number and kind of amino acids 
of which the molecule is composed but also on the order in which the residues 
are linked together. To attempt to determine this order by step by step 
degradation would seem a hopeless task for a molecule containing many hun- 
dreds of such components. A study of the number of molecules of each kind 
of amino acid produced by the hydrolysis of one molecule of a given protein 
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has yielded, however, some striking information. For example, an analysis 
of the hydrolysis products obtained from hemoglobin shows the number of 
grams of each of eight amino acids obtained from 100 grams of protein; from 
these figures the relative number of residues in the protein can be calculated. 
Thus, in the hemoglobins from cattle, horse, and dog, there are three times as 
many lysine residues as arginine. 

The ratio of cysteine to lysine, however, is different in the hemoglobin from 
each species. Although no complete analysis of any protein hydrolysate has 
been accomplished, in a number of instances the analytical values for half a 
dozen or more of the components are known with considerable accuracy. 
From the percentage of a given amino acid in the hydrolysis product of a pro- 
tein, one may calculate the ratio of the number of moles of this 'particular acid 
to the total number of moles of all the acids from a given weight of protein. 
The smaller this ratio, the more frequently the acid in question must occur in 
the molecule. The reciprocal of this ratio, indeed, is a measure of th e frequency 
with which this amino acid occurs. To illustrate by a simple example, if every 
fourth residue in a chain were glycine, the ratio of glycine to all the amino acids 
would be 1 : 4 and the frequency of occurrence of this particular amino acid 
would be 4. On the other hand, if, in this hypothetical case, a glycine residue 
were a less frequent member of the chain, the ratio might be 1 : 18 and the fre- 
quency would then be 18. For example, calculating such frequencies for eight 
amino acid residues of hemoglobin from the analytical data showed that 
lysine occurred the most often (frequency of 16) and cysteine the least fre- 
quency of 192). Histidine and aspartic acid both had a frequency of 18. If 
we assume that the whole molecule is a continuous polypeptide chain with a 
regular sequence of amino acid residues, then clearly the chain must be at least 
192 links long in order to contain one cysteine component. But such a length 
would not accommodate 18 histidine residues as 192 is not a multiple of 18. 
576 (3 X 192) is a multiple of 18, however. Therefore the shortest chain com- 
patible with the results would be one composed of 576 components. In such a 
molecule the number of actual units of cysteine would be 3, of histidine 32, and 
of lysine 36. The molecular weight would be 576 X 115.5 (the average 
molecular weight of all the amino acid residues) = 66,500, to which must be 
added the iron and the colored prosthetic group (p. 589) giving a value of 
69,000. This is very close to that determined by osmotic pressure and the 
ultra-centrifuge. The argeement may be taken as confirmation' of this picture 
of the protein molecule. 

The examination of a number of proteins suggests that the frequency of 
occurrence of each amino acid in a particular protein may be expressed as a 
power of 2 and a power of 3. Thus, the frequency of lysine in cattle hemo- 
globin is 2 4 X 3°, of histidine 2 1 X 3 2 . The frequency of a given amino acid 
may be quite different in different proteins but it appears from the cases thus 
far examined to be always a number which can be expressed as 2 n X 3 m where n 
and m are zero or small whole numbers . The fundamental reason for this empiri- 
cal numerical relationship is not clear. Presumably the explanation of the 
regularity found by comparing the frequencies in different proteins must be 
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sought in terms of the mechanism by which proteins are built up in plant and 
animal ceils. It may be not unrelated to the facts that all starches and cellu- 
lose have a common building unit and that in the structure of a variety of 
natural substances, the isoprene residue forms a regular pattern. 

An inspection of the molecular weights of a great number of proteins, in the 
light of the stoichiometric laws of protein composition, suggests that the living 
cell may synthesize protein molecules containing 144 (2 4 X 3 2 ) units or some 
simple multiple of this unit such as 288, 576, 1152, etc. but none in between. 
This would mean that the proteins should fall into groups differing from each 
other greatly in their molecular weights. Each member of the group would 
have a molecular weight approximating that of the mean molecular weight of 
the residues of all types of amino acids (about 120) times the number of units. 
Thus 144 X 120 = 17,300; 288 X 120 = 34,500, etc. The actual molecular 
weight of the residues differs from acid to acid; thus, the molecular weight of 
the residue of glycine is 57 and of tryptophane, 186. Therefore, the exact 
molecular weight would depend on the kind of amino acids present as well as 
the number of units. The facts thus far known support this view. Proteins 
do, indeed, fall into classes accordingly, as their molecular weights are approxi- 
mately 17,500, 35,000, 52,500, etc. 

Conjugated Proteins. A totally different method of classify- 
ing proteins from the one we have been using is sometimes 
employed. Proteins are divided into simple proteins which yield 
only amino acids on hydrolysis and the others called conjugated 
proteins in which some other component is linked to the protein. 
The non-protein portion is called a prosthetic group. If the group 
confers color on the protein as in the case of hemoglobin and the 
colored proteins present in algae (phycocyan), the protein may be 
known as a chromoprotein. If the prosthetic group is a carbo- 
hydrate the substance is a glucoprotein. Glucoproteins are found 
in mucous secretion. Casein (from milk) is often classed as a 
phosphoprotein as the prosthetic group contains phosphoric acid. 
The nucleoproteins contain a nucleic acid (p. 523) residue linked 
to the protein molecule. When the prosthetic group is colored it 
is easily recognized. In some cases, as with hemoglobin, it is joined 
to the protein by some linkage that may be attacked by certain 
reagents without hydrolyzing the protein. If the prosthetic group 
is joined by an amide linkage, it may not be possible to separate it 
from the rest of the molecule without drastic decomposition of the 
protein. There may be a number of prosthetic groups (i.e., resi- 
dues other than amino acids) which have not yet been isolated 
and identified from well-known proteins. 
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Macromolecules and Filterable Viruses. Hemocyanin, the blue protein 
which carries oxygen in the horseshoe crab and the lobster, has an apparent 
molecular weight of 6,700,000. (The blue color is due to a copper atom bound 
to the protein.) The molecule of this protein is so large as to deserve the name 
of a macromolecule which has sometimes been applied to all protein molecules. 
Nucleoproteins of very high molecular weight (approximately 17 million) 
have been isolated in crystalline condition from the juice of plants infected 
with certain diseases such as the mosaic disease of tobacco. They are known as 
the virus proteins and are the active agents in transmitting the disease from one 
plant to another. Because of their high molecular weight, they may be con- 
centrated by the use of the ultra-centrifuge. In general their purification by 
crystallization follows the usual procedures of protein chemistry. When 
denatured or slightly modified by the action of reagents, the protein loses its 
power of inducing the disease. A study of the physical properties of the 
protein solution indicates that the molecules are rod-shaped, the polypeptide 
chain being perhaps coiled as in a long spiral chain. 

A great number of diseases of plants and animals are transmitted by what 
are known as filterable viruses. Many of these viruses pass through filters 
which hold back even the smallest bacteria. In the case of tobacco mosiae 
disease and certain other plant diseases, the active agent of the filterable virus 
is a protein. Whether or not all filterable viruses are proteins has not yet 
been determined. Unlike bacteria and almost all infectious organisms, filter- 
able viruses do not multiply away from the living cells of the plant or animal 
they infect. Whether in the host filterable viruses increase much as do 
bacteria or whether they are products of the metabolism of the infected cells is 
still undetermined and is a subject of much discussion. The smaller virus pro- 
teins are of the same order of size as the largest hemocyanin molecule (diame- 
ter of about 25 mfi (250A) if the molecule is spherical). The largest, how- 
ever ( e.g vaccine virus), corresponds in size (diameter = 150-175 m,u) to 
organisms which have been long recognized as living and which can multiply 
outside a living cell. 

Enzymes. The living cells of plants and animals produce a 
variety of catalysts known as enzymes. We have already had 
occasion to refer to a number of such substances which can bring 
about certain specific transformations such as the fermentation of 
sugar to alcohol (p. 15) and the hydrolysis of glucosides (p. 313). 
Until a few years ago enzymes were known only in the form of 
extracts prepared from plant or animal material by grinding or 
crushing the cells and extracting with water or salt solutions (the 
hydrogen ion concentration is often of the greatest importance). 
By evaporating such extracts under diminished pressure at room 
temperature, amorphous powders were obtained which, on dissolv- 
ing, yielded solutions of high enzymatic activity. Such prepara- 
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tions are, however, very impure and contain great quantities of 
inert organic material. 

A great step forward was made in the study of enzymes when it 
was found that certain crystalline proteins could he isolated which 
had high enzymatic activity. They retained this activity as the 
purification by crystallization proceeded. More than half a dozen 
enzymes have now been prepared in the crystalline condition. 
They include urease (p. 250), several protein-splitting enzymes 
such as pepsin and the oxidation enzyme fiavoprotein (p. 528). 
Like all proteins these substances are sensitive and easily altered 
or partially denatured. When this occurs the enzymatic activity 
disappears. In a few instances this loss of activity can be restored 
by the same procedure used in reversing the denaturation. of pro- 
teins. More often the change is irreversible. All enzymes are 
thermo-labile, that is, the activity of the preparation is lost when 
the solution is heated for a short time to temperatures of 90°- 
100° C. Enzymes also usually lose their activity when treated 
with such powerful reagents as strong acids or strong alkalies or 
oxidizing agents. All these facts taken together with what is 
known of the enzymes which have been crystallized indicate (but 
do not prove) that all enzymes are proteins. If this is, indeed, the 
case, the loss of activity of enzymes is but a special case of the 
denaturation of proteins. 

Enzymes are specific in their action. It will be recalled, for 
example, that emulsin will bring about the hydrolysis of /3-glueo- 
sides but not of a, while maltase acts in just the reverse manner. 
The catalytic activity of each enzyme is usually at a maximum at 
some temperature not greatly above room temperature and at a 
certain acidity. The concentration of the material which is under- 
going the chemical change (the substrate) is also often important. 
In certain cases, the accumulation of the products of the reaction 
slows down the enzymatic reaction. Co-enzymes (or co-ferments) 
are relatively thermo-stable substances which are essential for the 
enzymatic action. Thus, calcium (in the ionic form) is a co-enzyme 
for the clotting of milk by the enzyme rennin (conversion of the 
soluble protein caseinogen to the insoluble casein). In this 
instance we have no idea why the calcium ions are necessary. In 
the series of enzymatic changes involved in the conversion of glyco- 
gen to lactic acid in muscle tissue, adenyl pyrophosphate is a 
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co-enzyme. In this instance, we know the role of the co-enzyme. 
It seems to transfer a molecule of phosphoric acid to the carbohy- 
drate (p. 315). 

It has been often stated that the enzyme and substrate are 
related as a key to a lock. One can imagine that certain specific 
linkages must be present in both enzyme and substrate in order to 
allow the two substances to interact. Whether the interaction 
involves the formation of a chemical compound or is in the nature 
of adsorption is still an open question. Why the substrate under- 
goes chemical change after combination with or adsorption on the 
enzyme is far from clear. In a few instances, of which flavoprotein 
is the best example, the enzyme contains a prosthetic group and 
the function of this group can be understood. In such a case, the 
protein may be thought of as a carrier, but one essential for the 
action of the enzyme. The enzyme which decomposes hydrogen 
peroxide (catalase) and at least one other oxidizing enzyme appear 
to have definite prosthetic groups. In the case of the hydrolytic 
enzymes no prosthetic groups have been as yet identified and the 
picture of the action of the enzymes is much less de fini te 
The table opposite summarizes some important classes of 
enzymes. Those obtained in a crystalline condition are noted by 
asterisks, the others have been isolated as impure extracts. 


Qualitative Tests for Proteins. A large number of qualitative tests which 
serve to identify the various classes of proteins are known. Some tests are 
given by all proteins, others by proteins containing certain amino acids. 

Biuret Reaction. This reaction is characteristic of all proteins, peptones 
and certain non-protein materials which have two NH 2 groups attached to 

vurntmmtm Tfce name ° f the test arises from the fact that biuret, 

i\H 2 CUJMHCONH 2 , gives the test. Biuret is formed on heating urea. When 
a protein solution is mixed with potassium hydroxide and a few drops of copper 
sulfate solution is added, a pinkish violet color is produced if the test is positive. 

Hellers Ring Test. The precipitation of albumin with nitric acid is used as 
a test for this material m urine. The urine is placed in a test tube and concen- 
trated nitric acid carefully added. At the zone between the two liquids, a 
cloud of precipitated albumen appears if the protein is present. 

MiUon’s Reaction. In this test, the solid protein is warmed with a little 
- Iiiion s reagent (a solution of mercuric nitrate in dilute nitric acid) ; a yellow 
or white color changing to red on heating indicates protein. The test is given 
by those proteins which yield tyrosine on hydrolysis and by non-protein sub- 
stances containing the group -C 6 H 4 OH. 

Xanthoproteic Reaction. Concentrated nitric acid produces a yellow color 
when it acts on any protein material containing an amino acid with a phenyl 
group. The yellow color turns orange with ammonium hydroxide. 
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The More Important Classes of Enzymes 


Products 

Substrate Formed 

A. Hydrolyzing Enzymes 

1. Carbohydrases 


Common 

Sources 


Previous 
Reference 
in This 
Boor 




2. Esterases 



Lipase 

esters of 

acid and 

liver, pancreas, 



fatty acids alcohol 

stomach 


Phosphatase 

nucleotides 

nucleosides 

mammalian gut 




+ h 3 po 4 



3. 

Proteases and Peptidases 


*Pepsin 

proteins 

proteoses 

stomach 

p. 576 

Trypsin 


and peptones 



proteins, 

peptides 

stomach 

p. 576 


peptones 




Aminopoly- 

peptides 

simpler 

pancreas, 


peptidase 


peptides 

intestine 




4. Deaminases 



*Urease 

urea 

ammonium 

soya bean 

p. 250 



carbonate 



Arginase 

arginine 

ornithine + urea 

liver 

p. 574 


*Catalase 
Lactic dehy- 
drogenase 
Succinic 
dehydro- 
genase 


B. Oxidizing and Reducing Enzymes 
H 2 O 2 H 2 0 + 0 2 liver, blood 

lactic acid pyruvic acid tissues 


succinic 

acid 


fumaric acid 


muscle, 

bacteria 


Zymase glucose 

CO 2 4- yeast 

p. 15 

(probably a 

C 2 H 5 OH 


mixture) 

*Flavoprotein 

(Warburg's 

involved with other enzymes 

p. 528 

and co-enzymes in complete 


yellow en- 

oxidation of sugars by oxygen 


zyme) 

^Cytochrome 

involved in cell 
oxidations 

p. 529 



Diastase or 

starch 

maltose 

yeast, saliva, p. 16 

fl 

amylase 



pancreatic juice 

111 

Invertase or 

cane sugar 

glucose and 

yeast, leaves of p. 311 

Hi 

saccharase 


fructose 

many plants, 

§3 i 




mammalian gut 

'IB 

rS 

Emulsin or f5 

amygdalin, 0 

glucose and 

seeds of plants p. 314 

p 

glucosidase 

glucosides 

OH compound 

i (almond) 


Maltase 

maltose, a 

glucose, 

malt, yeast, p. 314 



methyl gluco- 

glucose 

human gut 



side 

-fCI-LOH 


i 
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Protein Hormones. Two hormones which are proteins and whose action 
has been much studied are thyroglobulin and insulin. In the case of the for- 
mer, the hormone action is closely associated with certain amino acids which 
carry iodine, namely, thyroxine and iodogorgoic acid (nos. 14 and 15 on p. 570). 
Indeed, thyroxine itself is often spoken of as a hormone. Its structure has 
been established by degradation and synthesis. It is now synthesized indus- 
trially. Since this compound contains a large amount of iodine, a supply of 
iodides is necessary if an animal is to produce this hormone. Disorders of the 
thyroid gland occur in some localities because of lack of iodides in the water 
and food supply. Thyroxine and thyroid extract are used in the treatment of 
such pathological conditions. 

Insulin is a hormone secreted by the ductless glands of the pancreas. It is 
essential for the proper combustion of carbohydrates in the animal body. The 
absence of this hormone produces diabetes. It can be obtained in a crystalline 
condition, and its molecular weight is approximately 35,000. Unlike thyro- 
globulin, no uniquely characteristic amino acid has been isolated from it nor 
does it appear to contain a prosthetic group. It has been suggested that cer- 
tain of the amino acids in the molecule are particularly important in the action 
of this hormone but no clear picture of the physiological action of this hormone 
has been as yet obtained. 

QUESTIONS AND PROBLEMS 

1. Write structural formulas for: three monoamino monobasic acids, two 
diamino monobasic acids} and two monoamino dibasic acids. 

2. Compare the physical and chemical properties of the substances 
mentioned in question 1. 

3. Name three common substances of widely different properties which 
are proteins. What characteristics have they in common? What economic 
importance has each of these substances and on what properties does the 
economic importance of each depend? 

4. If a water-insoluble protein yielded chiefly dibasic monoamino acids on 
hydrolysis, what would you predict in regard to its solubility in dilute acids 
and alkalies? 

5. Outline the steps in three methods of preparing d, Z-alanine. 

6. Write equations showing two methods of synthesizing polypeptides. 
What conclusions in regard to the structure of peptones and proteins may be 
drawn from Fischer’s work? 

7. When a formaldehyde solution is added to that of an amino acid, a 
reaction occurs and the resulting water-soluble acid has no basic properties. 
What reaction do you think probably takes place? The product can be 
titrated like acetic acid with sodium hydroxide and an indicator. How could 
you take advantage of this fact in determining the amount of an amino acid 
in a solution also containing polypeptides? 

8. Devise two methods for following the course of the hydrolysis of a 
water-soluble protein to the component amino acids. Assume the investigator 
is particularly anxious to determine when all the peptide links have been broken 
by hydrolysis. 
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9. Outline the steps in the synthesis of alanyl-glyeyl-glycine from the 
component amino acids using the carbobenzyloxy method. 

10. Outline a possible synthesis of tyrosyl cysteine using the benzyl group 
(introduced by the use of benzyl chloride) to protect OH and SH groups and 
the carbobenzyloxy group to protect the amino group. 

1 1. Define the terms : prosthetic group, enzyme, filterable virus, denatura- 
tion, iso-electric point, prolamine, protamine, conjugated protein. 

12. With the aid of structural formulas outline the course of the formation 
of urea from carbon dioxide and ammonia in the animal body. 

13. Gelatine is a partially hydrolyzed fibrous protein prepared commer- 
cially from hides. How would you distinguish it from a gelatinous carbohy- 
drate, agar-agar? How would you determine the amount of gelatine in a mix- 
ture of the two? 

14. Compare and contrast the phenomena of: (a) cooking of an egg; (b) 
destroying of bacteria by sterilization; (c) inactivation of an enzyme by heat- 
ing. 

15. Outline a possible scheme to account for the formation of skatole as a 
decomposition product of proteins. 

16. How do you account for the stability (resistance toward hydrolysis) 
of the C — NH in creatine and arginine? Arginine and histidine contain one 
relative strong basic group. What is the explanation in each case? 



CHAPTER XXXII 
PLANT AND ANIMAL PIGMENTS 


Nucleus 


The ultimate source of all organic compounds is the plant king- 
dom. The green plants synthesize from inorganic material a host 
of complex materials. The primary substances are the carbo- 
hydrates and the amino acids or proteins; from them all other 
classes of material are derived. All living things contain carbo- 
hydrates and proteins, but there is considerable specialization in 
regard to the formation of secondary substances. As we have 
seen, some materials of great interest are produced in appreciable 
amounts in only a few species of plants (for example, rubber and 
indigo). A summary of the synthesis of organic compounds bv 
green plants is outlined below. 

Photosynthesis. The organic material of green plants is syn- 
thesized from inorganic material by means of the energy of sun- 

light absorbed by the green 
coloring material. This proc- 
ess is known as photosynthesis. 
It takes place in those por- 
tions of the protoplasm which 
contain the coloring material; ' 
these are known as the chloro- 
plasts (see Fig. 35). The col- 
oring materials present in 
chloroplasts (chloroplast pig- 
ments) are four in number: 
chlorophyll a, chlorophyll b' 
carotene, and xanthophyll. The first two are green, the last two 
yellow. Almost all green plants contain all four pigments- at 
least chlorophyll a is essential for the process of photosynthesis 
and, perhaps, all four are needed. With a few unimportant excep- 

o?pL a to^ e tE mc matenaI m the worId originates by a P rocess 



Vacuole Containing 
Aqueous Cell Sap 

Fig. 35. Diagram of cross section 
typical cell of a green leaf. 


of 
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Syntheses of Organic Compounds in Green Plants 
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The mechanism of photosynthesis is still unknown in spite of 
many years of investigation by biologists and chemists. The 
energy required for the reduction of carbon dioxide to sugar is 
obtained by the absorption of light by the chloroplast pigments. 
But the way in which this absorbed energy brings about the process 
of photosynthesis is still uncertain, though a number of attractive 
hypotheses have been suggested. Most of these hypotheses 
assume that formaldehyde is the first product in photosynthesis, 
and. that this polymerizes to glucose and fructose (p. 129). How- 
ever, there is no satisfactory evidence that formaldehyde is the first 
product of photosynthesis; if it is formed, it undoubtedly at once 
reacts and is removed. 

light 

CO 2 4- H 2 0 + energy — > H 2 CO + O 2 , 

chlorophyll (evolved from 
the plant 
as gas) 

6 H 2 CO — ^ c«h 12 o 6 . 

glucose 

The summation of the above equations represents the known 
facts, but many other intermediates between carbon dioxide and 
sugar might be imagined. 

Plant Pigments. We shall leave a consideration of the struc- 
ture of chlorophyll until later in the chapter. The other pigments 
always found associated with chlorophyll belong to a class of 
substances known as the polyene pigments. A number of other 
yellow or red pigments belong to this same class, and the simi- 
larity to carotene has suggested the name carotenoid for the class. 
Carotene, C 40 H 66 , is a highly unsaturated hydrocarbon; it contains 
1 1 double bonds arranged in a conjugated system and two alicyclic 
rings. The other polyene pigments are either highly unsaturated 
hydrocarbons or alcohols or acids derived from such hydrocarbons. 
They are insoluble in water, acids, or alkali (with the exception of 
those which are acids), but are soluble in chloroform and ether, and 
are often obtained with the waxes and fats in the extraction of 
tissues. Because of their highly unsaturated nature, many of 
them are easily oxidized by atmospheric oxygen; all of them may 
be hydrogenated (by hydrogen and a catalyst) to saturated com- 
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pounds which are colorless. The more important members of the 
class are given in the accompanying table. 



Compounds Containing a Poly-Isoprene Skeleton 


Name 

Color 

Molec- 

ular 

Formula 

No. op 
C fi 

Units 

No. OF 
Double 
Bonds 

No. 

OF 

Ali- 

CYCLIC 

Kings 

Occurrence 

'fa 

ill 

jr 

i 

u 

fil 

Isoprene 

none 

c 5 h s 

1 

2 

0 


: || 
| 

Geraniol 

none 

C 10 Hi 8 O 

2 

2 

0 

essential oils 

Limonene 

none 

CioHis 

2 

2 

1 

essential oils 

11 

Farnesol 

none 

C 15 H m O 

3 

3 

0 

essential oils 

s 

*Crocetin 

yellow 

Cj 0 H 2< O 4 

4 

7 

0 

saffron 

n 

Squalene 

none 

CsoHsO 

6 

6 

0 

shark oil 

?j]i 

*Capsanthin 

red 

C35H50O3 

7 

? 

1 or 2 

paprika 

I 

*Lycopene 

red 

C40H56 

8 

13 

0 

tomatoes 

^Carotene 
(a and /3) 

red 

C40H56 

8 

11 

2 

carrots and 
leaves 

I 

Carotene-? 

red 

C40H36 

8 

12 

1 

carrots 

If 

Cryptoxanthine 

red 

C«H*0 

S 

11 

2 

yellow corn 

5 

*Xanthophyll 

yellow 

CaoHsoCb 

8 

11 

2 

leaves 

I 


* Indicates the compound is classified as a polyene pigment. 


Relation to Isoprene. The fundamental unit of the polyene 
pigments seems to be the skeleton of the isoprene molecule: 


CH 2 = C-CH=CH 2 
I 

ch 3 


-c-c-c-c- 

i 

c 

fundamental unit of 
polyene pigments 


This unit seems to be repeated in a regular fashion in the whole 
group. It will be recalled that rubber (p. 76) and the terpenes 
(p. 491) also contain this unit. 
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Compounds Related to Polyene Pigments. Three colorless 
compounds which have been isolated from plants or animals are 
closely related to the polyene pigments. They are the alcohol 
phytol, C20H39OH, which occurs as part of every chlorophyll 
molecule, a hydrocarbon, squalene, which is isolated from the 
liver oil of sharks, and vitamin A. A consideration of the latter 
compound will be referred to later. The structure of phytol has 
been established beyond a shadow of doubt by its synthesis. It is 
an optically inactive oil of very high boiling point. The carbon 
skeleton is composed of four isoprene units; there is one double 
bond and a terminal primary hydroxyl group; the rest of the mole- 
cule is saturated. As is evident from the empirical formula, phytol 
may be regarded as a higher homolog of allyl alcohol (CJH271-1OH), 


CH3CHCH2CH, 

I 

CHs 

1 


CH 2 CHCH 2 CH 2 

I 

ch 3 

2 


CH 2 CHCH 2 CH 2 

\ 

CH 3 

3 


CHsC = CHCH2OH 
I 

ch 3 

4 


phytol 

(isoprene units indicated) 


Vitamin E. Another biologically important substance containing a poly- 
isoprene chain is alpha tocopherol. From preparations of vitamin E (the vita- 
min whose absence causes sterility in rats) three active compounds have been 
isolated. The most active of these is alpha tocopherol. It has been synthe- 
sized by the condensation of 2, 3, 6-trimethyl-l, 4-hydroquinone and phytol. 
During this reaction a six-membered, heterocyclic ring containing an oxygen 
atom becomes fused to the benzene nucleus. The primary hydroxyl group 
and the double linkage of phytol are involved in the formation of the hetero- 
cyclic ring. The structure of a-tocopherol is as follows : 


CH 3 ch 2 

ho/'V'N- 


ch ; 


ch 2 


, . C~CH 2 CH 2 CH 2 CHCH 2 CH CH 2 CHCH 2 CH 2 CH 2 CH(CH s ) 2 

WOCH, CH 3 1 


CHs 


Squalene, C30H50, has six double linkages and no alicyclic rings. 
Since the double bonds are not conjugated, it is colorless. Its 
structure has been proved by synthesis. The carbon skeleton 
consists of two groups of three isoprene units joined to form a 
symmetrical chain. 
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Relation to Open Chain Terpenes. The carbon skeleton of squalene is as 
follows: 


c-c-c-c 


c-c-c-c 


c-c-c-c 


c-c-c-c 

I 

c 

3' 


c-c-c-c 


c-c-c-c 


farnesol unit 


farnesol unit 


The chief importance of squalene is that its structure has been proved to 
contain a series of isoprene units arranged in two groups which, in turn, are 
joined to give a symmetrical arrangement. The two units of fifteen carbon 
atoms in squalene correspond to that present in an open-chain terpene alcohol, 
farnesol, found in certain essential oils. This fact connects the higher members 
of the polyene series with the lower. There are a number of substances occur- 
ring in essential oils which contain the ten-carbon unit formed from two 
isoprene skeletons (see p. 492) (e.g., 1+2 in the squalene formula above). 
Taking isoprene as a starting point, natural products are known which 
contain from 1 to 8 isoprene units arranged according to a definite pattern. 
The state of unsaturation of these compounds differs greatly; some of the 
substances are acids, some alcohols, some hydrocarbons. The recurrence 
of the same building unit of five carbon atoms connects them all together, 
however. 

Structure of Lycopene and Carotene. In lycopene (also called 
lycopin), C 4 oH 5 6, the red coloring material of tomatoes, the carbon 
skeleton is composed of eight isoprene units arranged in two 
groups of four each, each group being like the skeleton of the 
phytol formula. The two C 2 oH 2 8 units are joined so that the 
central portion of the molecule has four carbon atoms between 
two branching methyl groups. The formula may be written 
thus: 


= CH-C = CH-CH * CH-CH = C-CH 


=c 15 h 2; 


3 isoprene isoprene 

units unit 


phytol unit (C20) 


isoprene 3 isoprene 

unit units 


phytol unit (C20) 




As the table on p. 599 indicates, there are three isomeric caro- 
tenes. Beta and gamma carotenes are optically inactive while 
alpha carotene is dextrorotatory. The structure of 0-carotene 
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is as follows: 


h 3 c ch 3 h 3 c ch 3 

V ch 5 ch 3 ch 3 ch 3 yt 

/ \ HH I HHH I HHHH I HHH I HH / \ 

H 2 C C-C:C-C:C-C:C-C:CC:0-C:C-C:C-C:C-C:C-C CH 2 
I II II I 

H 2 C C-CHa HaC-C CH a 

V V 

h 2 h 2 

/5-carotene 


It will be noted that the formula shown above has a symmetri- 
cal arrangement of two units of twenty carbon atoms each. As in 
the case of lycopene and squalene there are four carbon atoms 
between the two atoms which carry the methyl groups in the 
middle of the formula. 

Alpha carotene differs structurally from the beta form in the 
positions of the double bond in one of the alicyclic rings. In 
gamma carotene one of the alicyclic rings is open, a new double 
bond taking the place of the ring. Gamma carotene may be con- 
sidered as being made up of one half of a /3-carotene molecule and 
one half of a lycopene molecule joined together, having the charac- 
teristic four-carbon atom chain in the center. 

The yellow pigment of saffron is crocetin, a dibasic acid, C20H24O4. Its 
structure has been proved to be as follows : 

CH 3 : CH 3 : CH 3 : CH 3 

1 : i : I *: f 

HOOCC - CHCII - CHC = CHCH - CHCH - CCH - CHCH - CCOOH 

isoprene unit : isoprene unit : isoprene unit ; isoprene unit 

It will be noted that the four isoprene units are arranged in groups of two; 
the two groups are joined in a symmetrical arrangement. There are four 
carbon atoms between the two branching methyl groups in the middle of the 
formula. A comparison of this formula with that of beta carotene or lycopin 
shows that it could be formed by the symmetrical removal of ten carbon atoms 
from each end of the larger molecule. It seems probable that it does arise by 
the oxidation of carotene or lycopin. Probably certain other carotenoids and 
the colorless squalene also arise by a symmetrical degradation of carotene (or 
lycopin) by oxidation. Such an origin would account for the occurrence of 

CH 3 ch 3 

I i 

the characteristic grouping ~ C - C - C ~ C ~ C - C - in the middle 
of the molecule. 
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Cryptoxanthine and xanthophyU appear to be closely related to carotene. 
They contain two alicyclic rings and eleven double bonds. In cryptoxan- 
thine there is an hydroxyl group on one of the alicyclic rings, and in xantho- 
phyll there are two hydroxyl groups, one on each of the two rings. 

Color of Polyene Pigments. The color of the polyene pigments 
is due to the occurrence of a number of double bonds in a conju- 
gated system. The greater the number of such bonds, the deeper 
the color; thus, crocetin with 7 is yellow, while carotene with II 
is red. The synthesis of a series of substances of the general 
formula C 6 H 5 (CH = CEQnCsHs has shown the relation between 
the color and an accumulation of double bonds in a conjugated 
system. 

Vitamin A. Vitamin A and vitamin D (p. 501) are the so-called 
“ fat-soluble ” vitamins. This name originated from the fact 
that they were first found associated with the fats. The absence 
of vitamin A in an otherwise satisfactory diet leads to a state of 
ill-health which is characterized by a degeneration in the structure 
of the eye, a condition known as xerophthalmia. 

Vitamin A has been isolated from the “ unsaponifiable residue ” 
(p. 183) from fish oils. The structural formula shows that it is 
closely related to beta carotene and like this substance can be 
regarded as made up of isoprene residues (indicated by dotted lines 
in the formula below: 


CH 3 : CH 3 

f : i 

CH— C = CH— CH= j CH-C-CH~CH 2 OH. 


The close relation of vitamin A to carotene had been proved before 
the isolation of the vitamin itself. It was shown that either alpha 
or beta carotene could replace vitamin A in the diet of animals; 
the carotene was transformed to vitamin A in the liver. More 
recently it was demonstrated that gamma carotene and cryptoxan- 
thine could also replace the vitamin in the diet. The four carote- 
noids may thus be called pro-vitamin A. 

Vitamin A is colorless but has a characteristic absorption in the near 
ultra-violet, and this fact has greatly aided the investigators. Ultra-violet 


ch 3 ch 3 

\ / 

C / 

/ X 

CH 2 / C— CH = 
I II 

CH 2 / c-ch 3 

/\X 
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absorption spectra of various fats and oils give valuable information about 
the presence of vitamin A. The five (or perhaps six) conjugated double link- 
ages in the vitamin are sufficient to place the maximum of light absorption 
in the near ultra-violet, but there are not quite enough conjugated linkages 
to move the absorption into the visible region and produce a colored com- 
pound (compare Fig. 33, p. 544). Like all substances with a series of con- 
jugated double bonds, vitamin A gives an intense blue color when treated 
with antimony trichloride in chloroform solution. This test has been stand- 
ardized as a quick method of estimating the vitamin A content of medicinal 
preparations; the results are expressed in terms of “ blue values ” (B.Y.). 
This method of assay is clearly open to error if there are other substances 
present containing conjugated, unsaturated systems. 

Anthocyan Pigments 

The brilliant red and blue coloring materials of flowers, fruits, 
and variegated leaves are usually glucosides of certain phenolic 
substances which conform to one general type. The glucosides 
are known as the anthocyans or anthocyanins; after removal of the 
sugar molecules by hydrolysis the resulting colored substance is 
known as an anthocyanidin. The anthocyans can be extracted 
from the plant tissue by mixtures of alcohol and water to which a 
little acid has been added. Both the anthocyans and antho- 
cyanidins may be obtained in crystalline form. 

Structure of Anthocyanidins. An investigation of the structure 
of the anthocyanidins has shown that they all contain the same 
carbon skeleton and differ only in the number of hydroxyl groups 
(phenolic groups) or methoxyl groups. The commonest antho- 
cyanidin is cyanidin chloride, which has the following structure and 
which will serve to show the common carbon skeleton: 


01 



cyanidin chloride 
red 


HO 


aA. 


<5 


. . COH 

\A Z' 

o CH 

H 


OH 
= O 


blue-violet 


It will be noted that the substance is a chloride, — an oxonium 
salt. These salts are stable even in essentially neutral aqueous 
solution. The reason for this great stability of the ox onium 
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salt is the peculiar aromatic ring which is formed when the oxy- 
gen atom increases its valence and takes on salt-forming proper- 
ties. This phenomenon was discussed in connection with the 
pyrylium salts (p. 517). In the oxonium salt form, *all the 
anthocyanidins and the corresponding anthocyans are reddish; 
when treated with alkali they pass into a blue or violet form which 
probably contains a quinonoid grouping (lower formula above). 
On further treatment with alkali, the phenolic hydroxyl group 
forms a metallic salt which is bluish. The change of the chromo- 
phoric group on passing from acid to alkaline solution should be 
noted. 

The other tw r o common anthocyans found in nature are pelar- 
gonidin chloride and delphinidin chloride. They differ from 
eyanidin chloride only by the number of hydroxyl groups on the 
phenyl group attached to the 2 position of the heterocyclic ring. 
Thus, in pelargonidin chloride there is only one OH group in the 
4' position, while in delphinidin chloride there are three in posi- 
tions 3', 4', and 5'. These differences affect the shade of the 
color markedly, particularly in acid solution; pelargonidin is 
orange-red, eyanidin red, and delphinidin bluish red. In still 
other anthocyanidins, methoxy groups are present in positions 3' 
and 5'. 

The Color of Flowers. The anthocyanidins occur in nature 
combined with one or more molecules of sugar. It has been 
established that the one sugar molecule is always attached to the 
hydroxyl group in the 3 position. In addition an hydroxyl group 
at position 5 may be attached to a sugar residue. Thus cyanin, the 
diglu coside of eyanidin which occurs in the rose and the blue corn 
flower, has the following structure: 

Cl 


HO/V 


0 


OH 

OH 


\/\ / 

CeHuOsO CH 


COCeHnQs 


The glucose residues make the compounds much more soluble in 
water, of course. The anthocyans occur in solution in the aqueous 
cell sap (see Fig. 35). 

Since the color of the anthocyanidins, and consequently that of 
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the anthocyans, changes with alteration of acidity, the same 
pigment may serve as a reddish or a bluish coloring material. 
This explains the surprising fact that the same pigment occurs in 
both the red rose and the blue corn flower. In the rose it is 
present as an oxonium salt and is reddish; in the corn flower as a 
potassium or calcium salt and is bluish. It has been found that 
the color and shade of a flower (or berry) depend on: (1) the 
anthocyan which is present (mixtures often occur) ; (2) the acidity 
of the cell sap; (3) the presence of certain other pigments (yellow 
flavones) and colorless complex substances which seem to affect 
the shade (co-pigments). 


Anthocyanidins and Flavonols. The constitution of the anthocyanidins 
was first established by fusing the compound with alkali which decomposes 
the molecule. The nature of the fusion products shows the position of the 
hydroxyl groups in the molecule. For example, 


Cl 


O 


ho/N/ \ 


OH 


K> : 


»H KOH 


\/\ / 

OH CH 


con 


HO/\OH 


\/ 

OH 


OH 


4- HOOC<^ )>OH 


This formation of phloroglucinol and a di-hydroxybenzoic acid shows the 
close relation of these pigments to the simple hydroxy aromatic compounds 
found in nature (see p. 393, for example). Both anthocyans and many 
anthocyanidins have been now synthesized in the laboratory by methods 
which establish even the positions of the glucose molecule. 

The flavonols are a group of yellow pigments which occur as glucosides, 
and are therefore soluble in water. They often occur with the anthocyans in 
the cell sap. The relation between them and the anthocyanidins is illus- 
trated by the following transformation which can be brought about in the 
laboratory and may possibly occur in nature* 


Ho/V^c .</ \p H [H] 




\AA C -° H 

HO CO 


quercetin , a flavonol ; 
yellow 


•fHCl 



eyanidin chloride, 
an anthocyanidin 
red (blue in alkali) 
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The flavones are another group of yellow coloring materials occurring as 
glucosides. They differ from the flavonols only in the presence of a hydrogen 
atom instead of an hydroxyl group in position 3. The yellow color of the 
flavones and flavonols is extremely weak and usually masked completely by 
the anthocyans or the pigments of the chloroplast. It was at one time 
thought that the flavones and flavonols were precursors in nature of the antho- 
cyans. It now seems more probable that some unknown colorless com- 
pound is a common precursor of all three types of compounds. 


Pyrrole Pigments 

Chlorophyll, the green material involved in the process of 
photosynthesis, and hemoglobin, the red coloring material of 
blood, both owe their color to a combination of four pyrrole 
nuclei joined in a complex molecule. Chlorophyll contains a 
magnesium atom, and hemoglobin an iron atom. Both metallic 
atoms are similarly joined to colored molecules as complex salts. 
The magnesium is readily removed from chlorophyll by the action 
of dilute acids; the iron is much more tightly bound in hemo- 
globin. Both pigments on vigorous reduction by heating with 
red phosphorus and hydrogen iodide yield a mixture of alkyl 
pyrroles which are volatile and can be separated. The pyrrole 
pigments may be defined as colored substances which on reduction 
yield simple pyrroles. 

Hemin. When the protein, hemoglobin (p. 585), is treated 
with hydrochloric acid under suitable conditions, the colored 
portion of the molecule is split off. In this way, the colorless 
globin (a protein) and the black, crystalline compound, hemin, 
C 34 H 3 2 N 4 04 FeCl, are formed. The iron is in the ferric state in 
hemin. By the action of reducing agents and acids, the iron may 
be removed and a purple substance formed. This is the true pig- 
ment of hemoglobin and is known as protoporphyrin. Its struc- 
ture has been established by synthesis. The compound is but 
slightly soluble in organic solvents, but dissolves in acids and alkali, 
as it is amphoteric. Its solutions in acid have a beautiful purple 
color. 

Protoporphyrin is a representative of a class of pyrrole pigments 
known as the porphyrins. They are characterized by their 
purple color, their weakly basic properties, and the type of absorp- 
tion spectrum (p. 544). Unlike most organic compounds, the 
absorption spectrum in the visible of solutions of porphyrins is 
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composed of a number of relatively narrow bands. The pattern 
is the same for all porphyrins, but the exact position of the lines is 
somewhat affected by changes in structure; the metallic com- 
pounds such as hemin have a different type of banded spectra. 
Porphyrins have been found in small quantities in both the animal 
and plant kingdoms. In certain rare diseases, porphyrins are 
produced in quantity and excreted in the urine. These porphyrins 
differ from protoporphyrin in the nature of the groups attached 
to the group of pyrrole nuclei. 


Structure of the Porphyrins. All the porphyrins may be considered as 
derivatives of a parent substance of the following structure in which all the 
R/s are hydrogen: 



The parent substance is named porphin. In protoporphyrin R lf R 3 , R 6 , R* 
are methyl groups, R 6 and R 7 , CH 2 CH 2 COOH groups, and R 2 and R 4 , vinyl 
groups. The porphin ring consisting as it does of four pyrrole nuclei joined 
together is an essentially aromatic structure. Different arrangements of 
double linkages can be written without shifting an atom or group. No 
isomers corresponding to such formulas have ever been found, however. 
There is undoubtedly a good deal of resonance energy which imparts to 
the porphin ring a marked stability. 

Porphyrins readily form metallic derivatives in which the two hydrogen 
atoms on two of the four nitrogen atoms are replaced by metal. A model of 
the porphin ring shows that all four pyrrole rings and connecting -CH = 
groups lie in a plane. The space between the four nitrogen atoms is thus 
like a hole in a doughnut in which various metallic atoms readily fit. In 
some cases the other two nitrogen atoms probably are involved in the linkage 
by occupying coordination positions (compare the structure of the ferri- 
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cyanide or cobalt ammines). Thus, the central core of the hemin molecule 
is to be represented as: 


N N 

V 

!i ! 

ion of ferric 
compound, hemin 


N N 

\/ 

N n- 
il 1 

ferrous compound 
heme 


Compounds containing rings of the porphin type but with nitrogen atoms 
(— N — ) substituted for the — CH= links have been prepared from simple 
pyrrole compounds. Like the porphyrins they contain a large planar aro- 
matic ring, are highly colored, and form relatively stable, colored, complex 
metallic derivatives. The compounds in which all four links are —N = 
are known as the tetra-azoporphyrins. Substances containing this structure 
and having phenyl groups as substituents on the pyrrole rings (or fused to 
the pyrrole rings as in indole) can be prepared from certain aromatic nitriles. 
They are highly colored and their metallic derivatives which are very resistant 
to acids are being developed as an important class of dyes and colors. One 
class of these colors is known as the phthalocyanines. It is a matter of con- 
siderable interest that a 'purely physical method , the X-ray analysis of the 
copper derivative of a phthalocyanine and the metal-free parent compound, 
completely established the arrangement of all the carbon and nitrogen atoms 
in the molecule. It was possible to determine the complete structure of this 
complex substance in this instance because of the symmetry of the com- 
pounds and their metallic derivatives. 

Hemoglobin. When hemin is gently reduced, the iron passes 
from the ferric state to the ferrous state. The resulting compound 
has been called heme. Heme may be combined with the colorless 
globin carefully prepared from hemoglobin (denaturation must be 
avoided). The synthetic combination of heme and globin appears 
to be identical with natural hemoglobin. The iron in hemoglobin 
is in the ferrous state. Solutions of hemoglobin are purplish 
(venous blood). When shaken with oxygen' they become red 
(arterial blood), because the hemoglobin combines loosely with 
the oxygen forming oxyhemoglobin. One molecule of oxygen is 
absorbed for every iron atom in the molecule. The oxygen may 
be removed by merely lowering the pressure of the gas above the 
solution : 

hemoglobin + 0 2 oxyhemoglobin. 

It is believed that the oxygen molecule is held to the ferrous iron 
atom of the hemoglobin as a coordination compound by secondary 
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valence forces. Hemoglobin also combines with carbon monoxide. 
Since the combination is firmer than with oxygen, small quantities 
of carbon monoxide will prevent oxygen from attaching itself to 
hemoglobin. This is the cause of carbon monoxide poisoning. 
When the iron in the hemoglobin molecule is oxidized to the ferric 
state, the color of the solution is brown; the ferric compound 
is known as methemoglobin. Methemoglobin combines with 
neither oxygen nor carbon monoxide; it can be reduced to hemo- 
globin. 

Bile Pigment. An orange pigment occurs in the bile which is known as 
bilirubin. It has been shown to be an oxidation product of the porphyrin 
constituent of hemoglobin, the process involving the formation of a green 
pigment (biliverdin). In this transformation, the protein molecule is first 
split off from hemoglobin. The heme is changed by an oxidation to an iron 
derivative of a tetrapyrrole compound in which the porphin ring has been 
opened. Finally iron is removed yielding bilirubin. Since in bilirubin the 
four pyrrole nuclei are joined in a chain, the characteristic properties, includ- 
ing the spectra, of porphyrins are absent. 

Cholorophyll. The two chlorophylls present in the ehloroplast 
are known as chlorophyll a and chlorophyll b. Their structures 
differ only by the fact that chlorophyll b contains an extra 
oxygen in place of two hydrogen atoms (i.e., as an aldehydic group). 
Solutions of both chlorophylls are green. After removing the 
magnesium atom by the action of acids the solutions are brownish. 
The four pyrrole nuclei in the chlorophyll molecule are joined 
together in a ring very similar to that in the porphyrin mole- 
cule, but the magnesium-free compounds are not porphyrins; 
instead, they contain a partially hydrogenated porphyrin nucleus. 

Both chlorophylls a and b have carboxyl groups in the molecule 
which are esterified; one with methyl alcohol and one with phytol. 
The phytol is readily removed by hydrolysis. 

The role of chlorophyll in the process of photosynthesis still 
awaits elucidation. This highly colored substance certainly serves 
to absorb the radiant energy required for the conversion of carbon 
dioxide to sugar. Whether in addition to this it enters into the 
chemical reaction as an intermediary is uncertain. Outside the 
living cell neither chlorophyll nor any other materials which have 
been obtained in nature are capable of catalyzing the photosyn- 
thetic reduction of carbon dioxide. It would appear that a series 


PLANT AND ANIMAL PIGMENTS 


611 


of complicated reactions are involved in photosynthesis in which 
enzymes of different sorts probably play a vital role. 

Porphyrins in Minerals. Porphyrins have been found in small quantities 
in shales, petroleum, and asphalts. They have been isolated and their 
structure established. Those present in largest amounts are clearly derived 
from chlorophyll; those present in small amounts have a structure which 
shows their precursor was hemin (presumably hemoglobin). The relative 
proportion of these two types demonstrates that plant material was much 
more important than animal material in the origin of petroleum . Several of the 
porphyrins contain carboxyl groups which rather easily lose carbon dioxide 
when the substance is heated. The fact that these porphyrin acids are 
present in petroleum demonstrates that the geological formation of mineral 
oil must have been an essentially low-temperature process. It is estimated 
that the oils or minerals which contain these porphyrins could not have been 
subjected to a temperature of more than 200° at any stage during their 
formation. The older theories of petroleum formation which postulated a 
destructive distillation at relatively high temperatures below the earth’s 
surface must be revised. 


CHAPTER XXXIII 

ADVANCED TOPICS IN STEREOCHEMISTRY 

Methods of Determining Configuration 

The Problem. In Chap. XII it was pointed out that while 
we could make two models corresponding to dextro and laevo 
lactic aid (p. 223), it was impossible to decide which model corre- 
sponded to one particular isomer. As far as we can tell at present, 
there is no way of deciding the real or absolute configuration of the 
groups in an optically active molecule. We can, however, obtain 
a great deal of information about the configuration of a series of 
compounds relative to the configuration of some other substance. 
For example, if an optically active ester of lactic acid on hydrolysis 
yields the dextro acid, the configuration of the groups around the 
asymmetric atom presumably in the ester must be the same as in 
the dextro acid. If we choose one model for the dextro acid, we 
most choose a similar one for the ester. In this simple case the 
configuration of the ester may be determined relative to that of the 
acid. 

It might be imagined that the sign of the rotation would in itself 
reveal the relative configuration of a series of compounds. Thus, 
one might assume that if the ethyl ester of lactic acid was dextro- 
rotatory it must be derived from the dextro acid. A great many 
facts show that such a naive assumption is not correct. For exam- 
ple, the lactic acid from muscle (p. 315) is dextrorotatory in 
solution, but its salts and esters are laevorotatory although the 
dextro acid may be regenerated from them. In many cases, the 
sign of the rotation varies with the solvent or even with the con- 
centration of the solution. The latter is the case with the salts of 
malic acid (HOOCCH 2 CHOHCOOH), while some amino acids 
which are laevorotatory in water are dextrorotatory in concen- 
trated hydrochloric acid. 

Clearly the sign of the rotation is not a sure guide to the relative 
configuration of even two closely related compounds. The prob- 
lem, therefore, is to determine the relative configuration of a series 
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of compounds by intereonversions which will not alter the configu- 
ration. Certain experiments have shown that such interconver- 
sions must not involve the substitution of an atom or group directly 
attached to the asymmetric carbon atom . 

Conventions Employed. In order to represent the results of 
stereochemical investigations, it is necessary to construct models 
or draw plane projections of such models. It is desirable that the 
same conventions should be used by all chemists. Since all the 
configurations which have been determined are relative, it is only 
necessary to choose arbitrarily one model for one of two optical 
isomers and relate all substances to this choice. Glyceric alde- 
hyde, CH 2 OH CHOH CHO, is a convenient reference substance; 
it contains only one asymmetric carbon atom and it has been 
agreed that the two forms of the aldehyde are to be represented 
by the following spatial formulas: 

CHO 
I 

HCOH 
I 

ch 2 oh 

d (+) glyceric aldehyde 

The letters d and l are used to designate the configurations of a 
substance relative to this arbitrary choice and irrespective of the 
sign of rotation. The actual sign of rotation of the substance is 
shown by the symbols (+) for the right handed and ( — ) for the 
left handed. For the reference substance itself the configuration 
(d) and the sign of rotation (+) coincide; for another substance 
this may or may not be the case. 

The reader may be reminded at this time of certain conse- 
quences of the projection of three-dimensional models on a plane. 
Two formulas are identical if a rotation of the paper through 180° 
in the same plane brings them into coincidence; two formulas are 
mirror images if folding the paper to bring the printed letters in 
contact results in superposition. It is usual to write aldehydes 
with the carbonyl group at the top; if this is done, the projection 
formula for d-g lyceric aldehyde has the OH group on the right. 
The student should convince himself, however, that both the 
formulas below on the left represent d-glyceric aldehyde while of 
those on the right the upper is Z-glyceric aldehyde, the lower 


CHO 

1 

HOCH 

I 

CH2OH 

l ( — ) glyceric aldehyde 
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d-gly ceric aldehyde. The construction and handling of three- 
dimensional models will be of great assistance in an understanding 
of this whole subject. 


CH 2 OH 

I 

HOCH 


CHO 


CHO 

I 

HCOH 


CH 2 OH 

I 

HCOH 

I 

CHO 

^-glyceric aldehyde 
(inverted formula) 

CHO 

I 

HCOH 


CH 2 OH 


CH 2 OH 


two molecules of d-glyceric aldehyde d-glyceric aldehyde 

(one formula inverted) 


The Configuration of the Hydroxy Acids. Glyceric aldehyde is 
readily oxidized to glyceric acid, CH 2 OH CHOH COOH. The 
dextro aldehyde yields an acid with a laevo rotation; here the 
configuration and the rotation are opposite, 

CHO COOH 

I [O] I 

HCOH — > HCOH 

I I 

CIUOH CH 2 OH 

d (+) glyceric aldehyde d (— ) glyceric acid 


A similar transformation can be accomplished with the laevo 
form of the aldehyde which yields the dextro form of the acid. 
Only one such relation need be formulated here, however. It will 
be noted that the space formula for (— ) glyceric acid is perfectly 
definite after we have once made an arbitrary choice in regard to 
glyceric aldehyde. 

The lactic acid with a laevo rotation is connected with d ( — ) 
glyceric acid by the following transformations: 

COOH COOH 

I PBr 5 I 
HCOH — > HCOH 
I I 

CH 2 OH CH 2 Br 

d (—) glyceric acid 

As mentioned earlier the esters of lactic acid have the opposite 


COOH 
[H] I 
— S-HCOH 
I 

ch 3 

d (—) lactic acid 
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sign from the parent acid, so we may write: 

COOH COOC 2 H 5 

I C 2 H s OH i 

HCOH HCOH 

1 HoO i 

ch 3 ch s 

d ( —) lactic acid d ( -f ) ethyl lactate 

Configurations of Tartaric Acid* Glyceric aldehyde combines 
with hydrocyanic acid to form an hydroxy nitrile (p. 117). On 
hydrolysis and oxidation this yields tartaric acid. From d (+) 
glyceric aldehyde a mixture of meso-tartaric acid and laevo- 
rotatory acid is formed because in the production of the second 
(new) asymmetric atom, both a dextro and a laevo configuration 
are formed as usual. The transformations are to be represented 
thus: 


COOH 

! 

CN 

■ CN 

COOH 

1 CHO 

1 

I 

HCOH 

HCOH HCN 1 HCN HOCH 

HOCH 


i — HCOH — > 

I - 

->■ I 

HCOH 

HCOH 1 

HCOH 

HCOH 

1 

! CH 2 OH 

1 

1 

COOH 

CH 2 OH 

CH 2 OH 

COOH 

meso-tartaric 

d (+) glyceric 


( —) tartaric 

# acid 
inactive 

aldehyde 


acid 


(The student is advised to review the conventions used in repre- 
senting tartaric acid by a projection formula (p. 226) and compare 
with the formulas of glyceric aldehyde shown on page 614.) 

The configuration of the tartaric acids is settled by the trans- 
formation just outlined but the question of nomenclature is left 
unsettled. One would expect the laevo tartaric acid to be desig- 
nated d ( — ) tartaric acid but the name laevo tartaric acid is 
so imbedded in the literature of stereochemistry that this would 
be very awkward. For our purposes we shall leave it without a 
stereochemical designation, it being carefully noted that its 
stereochemical formula (configuration) is clearly settled. 

It has been proposed to assign the prefix d or l to alpha hydroxy aeids accord- 
ing to the configuration of the alpha carbon atom. If this convention is 
agreed to then it is evident that ( — ) tartaric acid is related to l (+) glyceric 
acid and l (+) lactic acid. It therefore becomes appropriate to designate it 
as l ( — ) tartaric acid and if the COOH group is mitten at the top, the OH 
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is on the left for the l series, and on the right for the d series. It is evident from 
the difficulty involving tartaric acid that the stereochemical nomenclature must 
be necessarily based on a number of conventions, and is to some extent arbi- 
trary. The stereochemical formulas (configurations) are quite independent 
of the nomenclature adopted, however, and only depend on one arbitrary con- 
vention to which all chemists agree. 

Racemization. Some optically active compounds lose their 
activity on being treated with certain reagents or on heating (p. 
229). This process may occur in the substitution of one group 
on an asymmetric atom by another group, or may involve merely 
a change of an optical isomer into a racemic mixture. Racemi- 
zation is particularly apt to occur if the asymmetric atom is in the 
alpha position to a carbonyl group and if the atom carries a 
hydrogen atom. For example, ketones of the type, RiR 2 CH COR, 
are easily racemized by treating with a little alkali. In this 
instance the process involves the formation of the inactive enol 
form (p. 238), which then shifts back to an equimolecular mixture 
of the d and l keto forms. Optically active acids and their deriva- 
tives (esters, amides) of the type RiR 2 CHCOOH can also be 
racemized; compounds of the type R1R2R3CCOR cannot be 
racemized. 

Walden’s Inversion. As previously noted, the reactions which 
have been used to establish stereochemical relations have been 
carefully chosen to avoid disturbance of the groups directly 
attached to the asymmetric carbon atom. The importance of 
this restriction was evident early in the development of stereo- 
chemistry as a result of the work of P. Walden. This investi- 
gator showed that when the chlorine atom in (— ) chlorosuccinic 
acid is replaced by the hydroxyl group, one could obtain either a 
dextro- or a laevorotatory malic acid depending on the reagent 
chosen. These important facts are summarized below: 

hoocch 2 chohcooh 

laevorotatory malic acid 

HOOCCH 2 CHOHCOOH 

dextrorotatory malic acid 

This phenomenon is called Walden’s inversion. Evidently in one 
or the other reaction something peculiar had taken place, and the 
groups around the asymmetric atom had shifted places and 


AgOH 

/ 


KOOCCH 2 CHC1COOH v 

( — ) chlorosuccinic acid V 

KOH 
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produced the isomer of opposite configuration. It was soon 
found that similar difficulties were often encountered in a reaction 
in which a group or atom directly attached to the asymmetric 
carbon atom was replaced by another group or atom. Thus, 
if one of the valence bonds of the asymmetric carbon atom were 
broken in a reaction, there was no guarantee that the configura- 
tion of the new compound would be the same as that of the initial 
material. On the other hand, if the bonds of the asymmetric 
carbon atom are not involved in a reaction , Walden 7 s inversion does 
not take place . This latter fact, based on countless experiments, 
has made possible the determination of configuration by the 
methods outlined in the preceding paragraphs. 

The following diagrams summarize a number of reactions in 
which Walden’s inversion has been studied. Such cyclic processes 
show that at one stage or another a Walden inversion has occurred; 
each half of the cycle represents the conversion of one enantio- 
morph into the other: 

* AgOH * 

HOOCCH2CHCICOOH — ^ HOOCCH2CHOHCOOH 

(—) chlorosuccinic ( —) malic acid 

acid 

KOH j jpCl s KOH| |PC1 5 

* AgOH * 

HOOCCH2CHOHCOOH < — HOOCCH2CHCICOOH 

(+) malic acid (+) chlorosuccinic 

acid 

* NOBr * 

CH3CHNH2COOH — > CHsCHBrCOOH 

(+) alanine (— ) bromopropionic 

acid 

|nh 3 |nh 3 

* ' NOBr * 

CH 3 CHBrCOOH>= — CH 3 CHNH 2 COOH 

(+) bromopropionic (— ) alanine 

acid 

It must be carefully noted that there is no way of telling from the 
data given above in which one of the substitution reactions a 
stereochemical inversion has occurred. This would only be 
possible if we had some independent way of determining the con- 
figuration of the products. 
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Problems Raised by Walden’s Inversion. From what has been 
previously said, it is evident that one can not tell merely from the 
sign of the rotation whether an optical inversion has occurred or 
not. Thus, there is no simple way of determining whether silver 
hydroxide or potassium hydroxide yields an hydroxy acid with the 
same configuration as chlorosuccinic acid. For many years, there 
has been the difficult problem of deciding which substitution 
reactions involving the asymmetric atom were normal and which 
■abnormal (i.e., produced an optical inversion). 

The second problem raised by Walden’s inversion is in regard to 
the mechanism by which such an inversion may occur. Clearly 
.at that step in. process where the configuration changes, the enter- 
ing atom or group must attach itself to the asymmetric carbon 
atom on the side opposite the atom or group which is being replaced. 
If the attachment were at random to the one side or the other, the 
product would be inactive, of course (i.e., racemization would 
occur). This does not happen, however, so there must be some 
force directing the substitution. It has been suggested that this 
force is essentially electrical, at least, when the entering group is a 
negative ion. According to this view, the group or atom being 
removed is attracted by the positive ion and the negative ion 
approaches the molecule from the opposite side. Thus: 


Rx 

I Y K+ 
X- c 
R2 Ra 


Rx 


► X-C +K+ + Y" 
R2 R3 


Mechanism of Substitution Reactions. It has been demon- 
strated that certain types of substitution reactions do involve a 
stereochemical inversion and probably proceed according to the 
scheme just outlined. These are the reactions in which an alk yl 
halide reacts with a negative halogen ion. It will be recalled that 
an alkyl chloride or bromide reacts with an inorganic iodide to 
yield an alkyl iodide (p. 26). In these reactions one hal ogen 
atom is replaced by another. A halogen atom will also interchange 
with the negative ion of the same halogen. This has been estab- 
lished by using an inorganic iodide containing radioactive iodine 
(the radioactive isotope) and allowing this salt to interact with an 
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alkyl iodide. The speed with which the alkyl iodide became radio- 
active is clearly the speed of the reaction, El + V — >* RI' + I. 
Now it was known that an optically active iodide EiCHIR 2 under- 
went rather rapid racemization in a solution of an inorganic iodide. 
The rate of this racemization was the same as the rate of introduc- 
tion of radioactive iodine into the same halide when a radioactive 
iodide was employed. This establishes the fact that the racemiza- 
tion in this case involves the interchange of the iodine atom of the 
organic molecule with the iodine atom of the iodine ion. Racemi- 
zation could only occur in this reaction if the entering atom occu- 
pied the position opposite to that held by the halogen atom which 
departs. 


H Ri 

r->S 

R2 I ^ 

(+) 


H Rx 

V 

<-) 


Clearly when half of the molecules had reacted in this manner, the 
compound would be optically inactive. Although the same 
reaction would continue in solution, just as many ( — ) molecules 
would be converted to (+) as (+) to (—). 

Arguing by analogy, it has been concluded that whenever an 
organic halide reacts with a negative ion, stereochemical inversion 
occurs. This seems reasonable on theoretical grounds as it would 
be expected that the halogen atom with its complete shell of elec- 
trons would repel a negative ion. The ion would therefore be 
attracted by the carbon atom to the opposite side of the molecule. 
The further fact that in metathetical reactions of this type the 
speed of the reaction decreases in the order primary halide 
secondary halide tertiary halide, is readily explained. The 
approach of the negative ion to the side opposite to the halogen 
atom is hindered by the larger groups (steric hindrance) in the 
case of the secondary and tertiary halides. In the hydrolysis of 
alkyl halides, on the other hand, which does not proceed by a mecha- 
nism involving a negative ion the order of reactivity is reversed; 
in this case tertiary halide secondary halide primary. 

Determination of Configuration. When Walden’s inversion was 
first discovered, efforts were made to determine which of the two 
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steps was “ abnormal ” (i.e., involved inversion) by considering 
the sign of rotation of the reactant and product in each step. 
Though it is evident that the change of sign alone did not prove 
that an inversion occurred, nevertheless it was assumed by some 
chemists that in the majority of cases, the compounds of the same 
sign would have the same rotation. A statistical survey of substi- 
tution reactions involving optically active compounds then showed 
that in general, certain reagents yielded products with the same sign 
as the reactant while other reagents usually gave products with ap 
opposite sign. The first group might be considered to bring about 
substitution without inversion, the second to cause inversion. As 
a first approximation, this method of approach to the problem 
was not without value but it clearly was unreliable in any specific 
case. 

Later attempts were made to solve the problem by essentially 
physical methods. It was hoped that the configuration of a com- 
pound could be determined by measuring the direction and 
amount of the rotation at different wave-lengths not only of 
the substance itself but also closely related derivatives (pre- 
pared by reactions which did not involve the asymmetric 
atom). This method has not as yet proved entirely satisfactory, 
however. 

Finally, since the demonstration that stereochemical inversion 
does, indeed, occur in one type of reaction, attention has been 
directed to the kinetics of substitution reactions in general. It is 
hoped that by discovering what type of reaction is involved in each 
case it may be possible to decide whether or not inversion occurs. 
For example, since the reaction RI + I' — > RF + I does involve 
inversion it is safe to assume that RC1 + F — > RI' + Cl does 
also and probably that RBr + AgOOCCH 3 — > ROOCCH 3 does 
also. If a (+) bromide yields a ( — ) acetate, we know the sign is 
in this case a correct measure, for an inversion has occurred. From 
such an acetate we can obtain the alcohol by hydrolysis and with- 
out affecting the asymmetric atom. In this way it has been estab- 
lished that alcohols, esters, and halides of the type, CH 3 CHX- 
CJH 2n+ i (where X = OH, Cl, Rr, I, or OOCCH3) all have the same 
configuration if they have some sign of rotation. Finally from the 
observation that a halogen acid converts an alcohol to a halide 
without a change of sign, it is clear that this reagent, unlike the 
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alkali halides or salts of acids, brings about substitution without 
inversion. The application of this general point of view to other 
cases will be evident from this example. Whether or not all the 
cases of Walden inversion can be settled or not by this line of 
attack is not yet certain. The fact that in certain instances, the 
same reaction yields a product with a different sign of rotation 
depending on the conditions (e.g., solvent) illustrates the difficulties 
of generalizing from a few instances. 

Asymmetric Molecules without Asymmetric Atoms. In our 
first discussion of optical activity (p. 225) it was pointed out that 
two mirror images are possible if the molecule is asymmetric. 
Optical activity is a property of an asymmetric molecule. In 
most cases such asymmetric molecules contain one or more asym- 
metric carbon atoms and it is usually most convenient to focus 
the attention on these asymmetric atoms. However, it often 
happens that by regarding the molecule as a whole and deciding 
whether it is symmetrical or asymmetrical, it is possible to decide 
at once as to whether or not it can be optically active. The tri- 
bydroxyglutaric acids to be considered shortly are such an instance. 
In dealing with complex cyclic compounds this point of view is 
particularly useful. 

It is very easy to construct models of several types of organic 
compounds in which there is no asymmetric atom and yet the 
molecule as a whole is asymmetric. The simplest example of this 

Ri R 3 

is a tetra-substituted allene: C = C — C .A model of 

/ \ 

R 2 R-4 

this compound shows that the molecule is asymmetric. This 
is a good example of an asymmetric molecule which does 
not contain an asymmetric atom. Such molecules have been 
resolved. 

Asymmetric Diphenyl Compounds. A number of rather compli- 
cated compounds have been resolved in which there is no asym- 
metric atom. A special group of such substances in which the 
asymmetry is the result of a restricted rotation has been discovered 
and thoroughly investigated. A substituted diphenic acid (p. 465) 
will serve as an example. Ortho nitrodiphenic acid can be resolved 
into a dextro and laevo form by the usual methods. The free 


/ 
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rotation of the two phenyl groups around their common axis is 
prevented by the large carboxyl and nitro groups in the ortho 
positions. The planes of the two rings are thus kept at approxi- 
mately right angles as shown below. Such a molecule is asym- 
metric and can exist in the two forms indicated. 



NO* COOH 



Many examples of this type of asymmetric molecule are known. Whether 
or not an. unsymmetrical diphenyl can be resolved clearly depends on whether 
or not the rotation around the bond joining the two aromatic nuclei is restricted. 
It has been shown that this depends on the size of the atoms or groups in the 
ortho position which collide and block rotation if they are large enough. Thus, 
four fluorine atoms will not block free rotations, and an unsymmetrical 
diphenyl with these four atoms in the ortho position is not resolvable into 
enantiomorphs. When two fluorine atoms and two carboxyl groups are 
present the compound is resolvable but it rapidly racemizes. 


The Configuration of the Sugars 

The Configuration of the Pentoses. The methods first employed 
for determining the stereochemical formulas for the monosaccha- 
rides may be best illustrated by considering the aldopentoses. 
We shall here use the open-chain aldehyde formula, bearing in 
mind its true relation to the cyclic formula of the sugars and glueo- 
sides (p. 307 and p. 312). There are three asymmetric carbon 
atoms in the aldopentoses, and therefore 2 3 or 8 stereoisomers. 
These may be divided into four pairs of enantiomorphs; the two 
members of each pair will differ only in the sign of their rotation. 
All of the eight possible isomers are known and have the following 
names : 


d-arabinose ] 

d-xylose ] 

d-lyxose 1 

d-ribose] 

1 

2 

3 

[4 

Z-arabinose J 

Z-xylose J 

Z-lyxose J 

Z-ribosej 


The problem is to study the transformations of these eight 
sugars, and thus assign to each of them the proper stereochemical 
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formula. Fortunately, this can be done without involving a sub- 
stitution reaction in which Walden’s inversion might occur, and 
without involving racemization. The absence of these two compli- 
cating factors made possible a correct elucidation of the stereo- 
chemistry of the sugars very soon after van’t Hoff’s theory was 
first proposed. 

Four Pairs of Enantiomorphs. The eight possible stereo- 
chemical configurations of the aldopentoses are given below, 
the formulas being arranged in pairs corresponding to dextro and 
laevo enantiomorphs. At first it will be necessary only to con- 
sider which pair of formulas corresponds to a given sugar. 


CHO 

j 

CHO 

j 

CHO 

j 

CHO 

H-C-OH 

j 

HO-C-H 

j 

HO-C-H 

1 

1 

H-C-OH 

H-C-OH 

} 

H-C-OH 

j 

HO-C-H 

j 

HO-C-H 

H-C-OH 

j 

H-C-OH 

{ 

j 

H-C-OH 

I 

1 

H-C-OH 

CH 2 OH 

CH2OH 

ch 2 oh 

1 

CH 2 OH 

I 

II 

III 

IV 

cZ-ribose 

d-arabinose 

cZ-lyxose 

(Z-xyloae 

CHO 

j 

CHO 

1 

CHO 

j 

CHO 

HO-C-H 

1 

H-C-OH 

j 

H-C-OH 

j 

j 

HO-C-H 

j 

HO— C— H 

1 

HO-C-H 

1 

H-C-OH 

1 

H-C-OH 

I 

HO—C—H 

j 

HO-C-H 

1 

HO-C-H 

1 

HO-C-H 

1 

CH2OH 

CH2OH 

ch 2 oh 

CH2OH 

la 

Ha 

Ilia 

IVa 

Z-ribose 

Z-arabinose 

Z-lyxose 

Z-xylose 


All the aldopentoses may be oxidized to trihy dr oxy glutaric 
acids, of the general formula, jCOOHCHOHCHOHCHOHCOOH. 
Inspection of formulas I-IV makes it evident that if this trans- 
formation is carried out with I and IV, an inactive, internally 
compensated acid will result. These two trihydroxy acids 
would be inactive for the same reason that mesotartaric acid is 
inactive; the two carbon atoms next to the carboxyl group are of 
the opposite configurations and compensate each other. The 
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molecule is symmetrical and not asymmetrical and therefore can 
not exist in an active modification. 


COOH 


COOH 


[O] H-C-OH 
I — >■ I 

plane of H—C— OH” 

symmetry | 

H-C-OH 


H-C-OH [0] 


-•HO— C— H” 


H— C— OH 


COOH COOH 

Two inactive trihydroxyglutaric acids 


On the other hand, oxidation of compounds with formulas II and 
III would yield optically active trihydroxyglutaric acids. 

Configuration of Xylose and Ribose. Now as a matter of fact, 
two aldopentoses, xylose and ribose, do yield optically inactive 
dibasic acids (internally compensated) when they are vigorously 
oxidized. These sugars therefore correspond to either I (la) or 
IV(IVa), and we must next decide between the two possibilities. 
This can be done by virtue of the fact that the sugar known as 
xylose can be degraded to an optically active tartaric acid. This 
is only possible in the case of a compound with formula IV, 
since formula I contains only an inactive (meso) tartaric acid 
grouping. 



The portion of the molecule enclosed by the dotted square 
becomes the center portion of the tartaric acid molecule. 

. The formula of xylose is therefore either IV or IVa and the 
distinction between these possibilities rests on the arbitrary con- 
vention in regard to the d and l series which we have previo usly 
discussed at some length. Clearly the bottom part of formula IV 
corresponds to the formula adopted for d-glyceric aldehyde (p 
613) while IVa corresponds to that for Z-glyceric aldehyde. It 
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has been agreed to designate by the letter d all formulas in the 
sugar series which have the grouping: 

I 

H-C-QH 

- - I 

CH 2 OH 


and consider the enantiomorphs with the group 

' 1 

HO-C-H 


CH 2 OH 


as in the Z series. Therefore, formulas I-IV are of the d series and 
IV is that of d-xylose. Now the form of xylose which happens to 
rotate to the right ([a] D = +19°) and which results from the 
hydrolysis of wood can be shown to be related to d-glyceric alde- 
hyde while the enantiomorph ([a] D = —19°) is related to Z-glycerie 
aldehyde. Therefore, the natural form of xylose is d-xylose 
(formula IV). This relationship is established by degrading 
d-xylose to the aldotetrose, d-threose (method of degradation, 
p. 306), which is oxidized to the same optically active acid (laev'o- 
tartaric acid) as is obtained from d-glyceric aldehyde (p. 614). 
We may therefore write the configurational series : 


CHO 

I 

H-C-OH 

i 

CH 2 OH 


CHO 


HO— C— H 


H-C-OH 

i 

CH2OH 


d-glyceric aldehyde 


d-threose 


CHO 

I 

H-C-OH 

I 

HO-C-H 

I 

H-C-OH 

I 

CHoOH 

d-xylose 


The assignment of a d or Z configuration to natural ribose will be 
postponed until we have considered the two aldopentoses which 
yield active trihydroxyglutaric acids on oxidation. 

Configuration of Lyxose and Arabinose. One of these aldo- 
pentoses when treated with phenylhydrazine gives the same 
osazone as d-xylose. It must have the same configuration there- 
fore in regard to the lower part of the molecule and differ only in 
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regard to the spatial arrangement around atom 2. It is epimeric 
(p. 301) with d-xylose. An inspection of the formulas on p. 623 
shows that this sugar must be assigned formula III; it is 
ddyxose. 

The other sugar which gives an optically active trihydroxyglu- 
taric acid is arabmose. One of the enantiomorphs of this sugar 
occurs widely distributed in nature (p. 302), the other can be 
prepared in the laboratory from glucose by a series of reactions. 
The only remaining formulas are II and Ha and it is only a question^ 
of assigning these to the synthetic and natural arabmose. This is 
easily settled by reducing the synthetic sugar to the corresponding 
alcohol, arabinitol. If formula II is correct, the reduction prod- 
uct will be identical with that obtained from d-lyxose (formula IV). 
This relationship, at first sight obscure, is easily seen if the formula 
of the alcohol (“ itol ”) from lyxose is rotated through 180°, as 
illustrated below: 


CHO 

I 

HO— C— H 
I 

H-C-OH (H) 


CHoOH 


HO-C-H 

1 

H-C-OH 


CH 2 OH CHO 

I I 

HO-C-H HO-C-H 
1 I 

HO-C-H (H) HO-C-H 


H-C-OH 

1 

ch 2 oh 

II 

d-arabinose 


H-C-OH H-C-OH 

! I 

CH 2 OH CH 2 OH 


identical formulas: 

can be superimposed by 
rotation through 180° 


H-C-OH 


CHsOH 

IV 

d-lyxose 


The synthetic arabinose from glucose yields an arabinitol 
identical with that obtained from d-lyxose; it is, therefore, 
d-arabinose (II). The enantiomorph, Z-arabinose (Ha), is the 
common arabinose obtained by hydrolyzing many natural 
gums. 

We can now settle the question of whether natural ribose is a d 
or Z sugar (I or la). Natural ribose gives the same osazone as 
d-arabinose (i.e., is an epimer of d-arabinose) ; it is therefore 
d-ribose and is represented by formula I. 

Configuration of Glucose. By starting with d-arabinose, II, and 
adding one more carbon atom to the skeleton (p. 305), a mixture 
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of two aldohexoses is formed. These two sugars are the epimeric 
pair, d-glucose and d-mannose (p. 301). The formula of these 
compounds is thus established as being either A or B below. 




CHO 

CHO 

CHO 


1 

! 

i 

C-H 


0 

1 

Q 

1 

H 

W 

0 

1 

0 

1 

w 


1 

T ' 

1 

HCN 

HO-C-H 

HO-C-H 

C-OH 

y. 

i 

1 

i 

added and 

H-C-OH 

H-C-OH 

C-OH 

“up the 

i 

1 

1 

series” 

H - C - OH 

H-C-OH 

ch 2 oh 


1 

CHsOH 

A 

I 

CH 2 OH 

B 


(new asymmetric atom indicated by dotted enclosure) 


To decide which of these is mannose and which glucose several 
different lines of evidence may be presented. The simplest starts 
from the fact that by oxidative degradation, it is possible to con- 
vert d-glucose into either meso tartaric acid (removing atoms 
1 and 2), dextro tartaric acid (removing 5 and 6), or laevo tartaric 
acid (removing 1 and 6). An inspection of formula A shows that 
it does not contain a pair of atoms which could provide the center 
for a molecule of dextro tartaric acid. Formula B, on the other 
hand, does contain such a grouping (atoms 2 and 3). This is 
illustrated by the following diagram: 

1 

2 

3 

4 

5 

6 

Configuration of Other Sugars* The configuration of the six 
remaining pairs of aldohexoses has been determined by methods 
similar to those which have been illustrated by our study of the 
aldopentoses. The stereochemical formula of the ketohexose, 
d-fruetose, follows from the fact that it yields the same osazone as 


CHO 

I 

H-C-OH 

I 

HO— C— H 
I 

H-C-OH 

I 

H-C-OH 

I 

CHaOH 

d-glucose 


dextro tartaric acid 
laevo tartaric acid 
meso tartaric acid 
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d-glucose and d-mannose (p. 304). Its formula is, therefore, as 
follows: 

CH 2 OH 

I 

CO 

1 

HO— C— H 
I 

H-C-OH 

I 

H-C-OH 

I 

CH 2 OH 

d-fructose 

(laevulose) 


The Synthesis op Optically Active Compounds from 
Inactive Material 

When a substance containing an asymmetric carbon atom is 
produced in the laboratory in the ordinary way, an inactive 
material always results (p. 228). Since there is an equal chance 
of the dextro or laevo form being produced, a racemic mixture is 
formed. On the other hand, in the synthesis of compounds in 
plants and animals the products are almost always active, if they 
contain one or more asymmetric carbon atoms. A little light on 
the possible mechanism of such biochemical syntheses has been 
thrown by the discovery that it is possible to synthesize an opti- 
cally active compound in the laboratory by certain procedures. 
Such an asymmetric synthesis can be sometimes accomplished by 
attaching an optically active molecule to the initial compound, 
and then removing it after the new asymmetric atom has been 
produced. The presence of the optically active component often 
directs the synthesis, so that the final material is itself active. 
For example, a lactic acid of weak laevo rotation may be synthe- 
sized by reducing an optically active ester of pyruvic acid, and 
then removing the optically active alcohol group. 

[H] * 

) — CH 3 CHOHCOOR(~) 

laevo borneol 
lactate 

.j, hydrolysis 

CH3CHOHCOOH 

weakly active (—) 
lactic acid 


laevo borneol 

CH3COCOOH — ^ CH 3 COCOOR(~ 

pyruvic acid laevo borneol 

(no asymmetric atom) pyruvate 
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If an inactive ester of pyruvic acid be similarly reduced, the 
resulting lactic acid is completely inactive, of course. In this 
instance the presence of the optically active R group attached to 
the carboxyl in some way causes a greater production of one 
enantiomorph than the other. 

In nature the syntheses are catalyzed by enzymes which them- 
selves are probably optically active. It has been supposed that 
these enzymes unite with the initial material, and thus direct the 
,, production of any new asymmetric atoms formed in the synthesis. 
After the synthesis is complete, the enzyme and product separate, 
and the enzyme is free to participate in a new synthesis. The 
asymmetric syntheses in the laboratory are thus, perhaps, a crude 
model of the way optically active compounds are formed in nature. 
In the natural processes, the optically active enzymes are usually 
so efficient that only one optically active form is produced. 

Absolute Asymmetric Synthesis. According to the hypothesis just out- 
lined, it is easy to imagine how living things have continued to produce 
optically active materials, if once they started with optically active enzymes. It 
is probably not profitable at present to pursue the further question of how 
the first optically active enzyme arose. We are very little informed about the 
origin of life or the sequence of chemical reactions which were involved in the 
first biochemical synthesis. 

Since the light of the moon or that reflected from the sea is circularly 
polarized, it is interesting that it has recently been shown that optically active 
material may be prepared by the action of circularly polarized light on certain 
inactive compounds. A racemic mixture is employed which is decomposed 
by the absorption of light (visible or near ultra-violet). The group which is 
responsible for this absorption must be attached to the asymmetric carbon 
atom. By using circularly polarized light of the wave-length corresponding 
to the absorption of this group, one of the enantiomorphs absorbs more light 
than the other, and therefore more of it is decomposed; the material that is 
left after radiation is slightly optically active. By using light polarized circu- 
larly in the opposite direction the reverse effect is produced and the optical ac- 
tivity of the product is of the opposite sign. 

It has been suggested that the origin of optical activity in living things was 
caused by the action of the circularly polarized light reflected from some 
surface. Although the experiments just mentioned show that optical activity 
may arise in certain special cases by such a method, there is no evidence to 
indicate that such processes are at work in nature now or have been involved 
in the remote past. The problem of the origin of optical activity must be 
considered quite unsolved. 
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Alicyclic paraffins, 470, 471, 473-474, 
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Alkyl-benzenes, 336-339 

hydroxy derivatives, 355 
cyanides, see nitriles 
fluorides, 29 
groups, 22 

glucosides, 306-307, 309-310 
halides, 22-29, 31, 278 
-isocyanates, 254-256 
-isocyanides, see isonitriles 
isothiocyanates, 272 
magnesium halides, see Grignard 
reagent 
nitrates, 29 
nitrites, 30 
sulfides, 266-267 
sulfuric acids, 30, 31 
ureas, 252 

from alkyl isocyanates, 255 
urethanes, 247-248 
from alkyl isocyanates, 254 
Alkylenes, see hydrocarbons, olefine 
Allene, 72 

Allenes, optically active, 621 
Allocholanic acid, 496 
Alloxan, 524-525 
Allyl-acetone, 291* 
alcohol, 277-278 
-carbinol, 277* 
derivatives, natural, 278 
-ethyl alcohol, /3~, 277* 
halides, 278 
isothiocyanate, 278 
magnesium bromide, 282 
sulfide, 266, 278 
Allylene, see propine 
Aluminum isopropylate, 115-116, 
295, 435 

Ambrettolide, 214 


Amides, 

aliphatic, 91, 149-153, 204 
from nitriles, 152 
hydrolysis of, 150 
of dibasic acids, 204-206 
tautornerism of, 253 
aromatic, 369-370 
Amidines, 153, 154 
Amido group, 156 
Amidol, 395* 

Amine oxides, 167-168 
Amines, aliphatic, 155-170 
di-, see diamines, aliphatic 
electronic configuration, 165-166 
reaction with nitrous acid, 160 
separation and identification, 350- 
351 

tests for, 161-162 
Amines, aromatic, 364-373 
coupling reaction, 380-381 
di-, see diamines, aromatic 
diazotization, 377-378 
identification, 370 
neutral, 371-372 
nitrous acid on, 366-367 
preparation, 365-366, 368-370 
Amino-acetic acid, see glycine 
-acids, 568-576 

arrangement in proteins, 587-589 
plant synthesis, 597* 
synthesis, 571-572 
table of, 569-570 
-alcohols, 168, 170, 176 
-benzoic acids, 419-420 
-cyanides, 572 

-S-guanino-n-valeric acid, a~ t see 
arginine 

-/3-methylvalerie acid, <x, see iso- 
leucine 

-naphthalenes, see naphthyl amines 
-naphthol sulfonate-1, 2, 6; 395 
Amino group, 156 
Amino-phenols, 393-396, 397 

photographic developers, 395-396 
-polypeptidase, 593* 

-propionic acid, a-, see alanine 
-saligenin, p-, hydrochloride, 395 
-succinamic acid, see asparagine 
-succinic acid, see aspartic acid 
Ammonium carbamate, 247, 250 
cyanate, 249 
sulfide in reductions, 369 
thiocyanate, 273 
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Ammonolysis, 
acid anhydrides, 93 
acid chlorides, 91 
esters, 99 
nitriles, 153, 154 
Amphi-naphthoquinone, 458 
Amphoteric compounds, 
aminoacids, 572-573 
aminophenols, 393 
proteins, 583-584 
Amygdalin, 401, 430 
Amyl acetate, 95* 
alcohols, 12*, 50 
chlorides, from pentanes, 50 
fluoride, n-, 29 
nitrite, 30 
Amylase, 16, 595* 

Amylenes, isomeric, 62* 
Androsterone, 500 
Anesthetics, local, 535-536 
Anhydrides, see acid anhydrides 
cyclic, see cyclic anhydrides 
Anhydro bases, 157 
Anethole, 409 
Anilides, 369-370 

Aniline, 364-366, 368, 369, 371, 
375 

dissociation constant, 366 
nitration, direct, 368-369 
-acid sulfate, 367 
dyes, 364 

* Animal pigments, 607, 610 
Anisic aldehyde, 409 
Anisole, 355 

Anthocyanidins, 604, 606 
Anthocyan pigments, 604-607 
Anthocyanins, 604-606 
Anthracene, 325*, 459-460 
structure, 463-464 
Anthrahydroquinone, 461 
Anthranilic acid, 420 
methyl ester, 420 
Anthraquinone, 9, 10; 461-464 
alizarin synthesis, 557 
mordant dyes, 555-557 
relation to anthrahydroquinone, 
461 

monosulfonic acids, 462 
vat dyes, 560-562 
Antiknock gasoline, 55 
Anti oximes, 406 
Antifebrme, see acetanilide 
Antineuritic vitamin, see vitamin B x 


Antioxidants, 55, 290, 403 
Antipyretics, 369 

Anti-rachitic vitamin, see vitamin D 
Antiseptics, 350, 354, 390, 564 
Arabinose, 1-, 302 

Arabinoses, configuration proof, 625 
Arabitol, 191 
Arbutin, 393 
Arginase, 574, 593* 

Arginine, 570*, 574 
Argol, 216 

Aromatic carbinols, 433-440, see also 
alcohols, aromatic 
Aromatic compounds, defined, 329 
Aromatic properties, 332-333 
syntheses, 396-399 
Arsphenamine, 539 
Artificial silk, 320-321 
Aryl groups, 339 
ethanes, 439-443 
ethylenes, 443-444 
halides, 341-343 
reactivity, 434 
-methanes, 339-340 
-sulfonamides, 349-352 
-sulfonates, 349 
-sulfonic acids, 347-352 
-sulfonyl chlorides, 349, 350-351 
Ascorbic acid, 311 
Aspartic acid, 570* 

Asphalt, 52 
Aspirin, 423 
Asymmetric atom, 223 
diphenyls, 621-622 
molecule, 223 

without asymmetric atom, 621 
synthesis, 628-629 
Atropa belladonna, 533 
Atropine, 533—534 
Auramine, 554 
Aurin, 553 
Autoclave, 26, 366 
Auto-oxidation, 402-403 
Auxochrome, 545 
Avertin, 115 
Azelaic acid, 195* 

Azeotropic mixtures, 17, 98 
Azide, see acid azides 
azines, 510 

Azo compounds, 375, 380-381 
-benzene, 375 
Azoles, 510 
Azoxybenzenes, 375 
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Baeyer, Adoipli von, 475, 525 . 
centric formula, 328 
indigo, 558 

pseudo uric acid, 525 . 
strain theory, 475-476 
Bakelite, 354 
formation, 435 
Barbital, 251 

Barbituric acid, 251-252, 515, 525 
uric acid synthesis, 525 
Basic dissociation constants 
„ aliphatic, 157-158 
aromatic, 366, 372-373 
Basic dyes, 546-548 
Baumann-Schotten, 418 
Beckmann rearrangement, 414 
Beeswax, 191 
Belladonna alkaloids, 537 
Benzal-acetone, 404 
-acetophenone, 412 
-chloride, 342, 401 
Benzaldehyde, 401-406 
Perkin’s reaction, 404405 
Benzaldoximes, 405-406 
Benzene, 324-332 

alkyl derivatives, 336-339 
halo derivatives table, 341 
nitration products, 359 
nomenclature of substitution 
products, 333-334 
oxidation, catalytic, 388 
-diazonium chloride, 378-3S0 
-disulfonic acid, 348 
-hexachloride, 328 
-sulfonamide, 350 
-sulfonic acid, 348 
-sulfonyl chloride, 350-351 
-triozonide, 328 
-trisulfonic acid, 391 
Benzhydrol, see diphenyl carbinol 
Benzidine, 376 
Congo red preparation, 550 
rearrangement, 376 
Benzil, 413 

Benzilic acid transformation, 414 
Benzine, see petroleum ether 
Benzofuran, 521 
Benzoic acid, 417-418, 431 
derivatives of, 419-420 
Benzoin, 402, 413 
gum, 417 

Benzol, see benzene 
Benzonitrile, 406 


Benzophenone, 409, 410, 411 
Benzophenone dichloride, 411 
Benzophenone oxime, 414 
Benzopurpurin 4B, 550 
Benzopyrylium salts, 521 
Benzoquinones, 386-387, 388 
Benzotrichloride, 342, 417 
Benzoyl-benzoic acid, o-, 463 
chloride, 418 

-glycine, see hippuric acid 
hydrogen peroxide, 403, 419 
peroxide, 419 
piperidine, 513-514 
Benzyl acetate, 434 
acetone, 413 
alcohol, 433-434 
amine, 373 

chloride, 342, 401, 434 
chloroformate, 578 
cyanide, 429, 434 
Bergius glucose process, 318 
Betaine, 576 
Bile acids, 492-497 
Bile pigments, 610 
Bilirubin, 610 
Biliverdin, 610 
Bisulfite reaction, 116-117 
Bitter almonds, 401 
Biuret, 592 
reaction, 592 
Blue values, 604 
Borneo camphor, see borneol 
Borneol, 491 
Borneol chloride, 491 
pyruvate, 1-, 628 

Bromination, 50, see also halogenation 
Bromoform, 126, 132* 

Bromo-aeetic acid, 209* 

-acetoacetic ester, 234 
-acetone, 124 
-acetyl bromide, 295 
-acids, 100-101 
aldehydes, 124-125 
-benzenes, 341-342 
-benzyl bromide, o-, 463 
-butyric acid, a-, 101 
-esters, a- t 101 
-ketones, 124-125 
mechanism of formation, 238 
-naphthalene, 451 
bromophenol- o- 399 
-propionic acid, 228 
Walden’s inversion, 617 
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Bromo-succinic acid, 286 
-toluenes, 341* 

Buchner, 15 
Butadienes, 72-74 
Butanes, 40*, 44, 48* 
cyclo-, 470*, 472 
Butanol, see n-butyl alcohol 
Butene- 1; 62* 

Butene- 2; 62* 

Butine-1; 71 
Butine-2; 71 
Butter, 185 
yellow, 548 

Butyl acetate, 95*, 320 
alcohol, normal, 10, 13* 
manufacture, 19, 147 
alcohol, sec., 10, 13*, 18 
alcohol, tertiary, 10, 18, 67 
alcohols, 10, 13* 
structure determination, 138, 
214 

carbamate, 254 
carbitol, 174 
cellosolve, 174 
ether, 35* 
nitrite, 30 

in diazotization, 378 
Butylenes, isomeric, 62* 
alcohols from, 67 
Butyraldehyde, n -, 107* 

Butyramide, 150* 

Butyric acid, n-, 83* 
in rancid butter, 185 
Butyrolaetone, 213 
Butyronitrile, ft-, 154* 

Butyryl chloride, 91* 

Cadaverine, 169 
Caffeic acid, 431, 436 
Caffeine, 525-526, 536 
Calciferol, 502 
Calcium adipate, 472 
benzene sulfonate, 348 
carbide, 69, 141 
eyanamide, 262 
Camphor, 490-491 
Cane sugar, see sucrose 
Cannizzaro, S., 128 
reaction, 128, 193, 402 
Caoutchouc, 75 
Capric acid, 83* 

Caproic acid, ft-, 83* 
Capronaldehyde, ft-, 107* 


Caprylic acid, 83* 

Capsanthin, 599* 

Carbamic acid, 247 
esters, see urethanes 
Carbamide, see urea 
Carbazole, 521 
Carbinol, 36 
Carbitols, 174 
Carbobenzoxy group, 578 
Carbobenzyloxy group, 578 
Carbohydrates, 298-322 
Carbolic acid, see phenol 
Carbon chain, 

degradation, 160, 214-215, 437 
in sugars, 306 
lengthening of, 144-145 
in sugars, 305-306 
Carbon disulfide, 132, 269-270 
monoxide, 13, 18, 85, 87 
oxy sulfide, 266-267 
suboxide, 203 
tetrabromide, 132* 
tetrachloride, 132-133 
tetraiodide, 132* 

Carbonic acid, 246 
derivatives of, 246-257 
Carbonium salts, 439 
Carbonyl chloride, see phosgene 
Carbonyl group, 107 
Carboxyl group, 81 
Carbylamines, see isonitriles 
Carcinogenic hydrocarbons, 466 
Cardiac aglucones, 504, 519 
Cardiac glycosides, 504 
Carnauba wax, 191 
Carotenes, 598, 599, 601-602 
Carotenoids, 598-604 
Carvacrol, 355 
Casein, 584, 589 
Caseinogen, 591 
Casing-bead gasoline, 55 
Catalase, 593* 

Catalyst, function of, 96, 112 
Catalytic dehydrogenation, 
of alcohols, 105-106 
of bydroaromatic compounds, 484, 
497 

Catechol, see pyrocatechol 
Cell, leaf, Fig. 35, 596 
Cellobiose, 318 
Cellophane, 320 
Cellosolve, 176 
Celluloid, 319, 491 
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Cellulose, 314, 317-321 
acetate, 321 
nitrates, 318-319 
plant synthesis, 597* 
xanthate, 320-321 
Centric formula of benzene, 328 
Ceryl alcohol, 191 
cerotate, 191 
Cetyl alcohol, 18 
Chelation, 237-238, 261 
Chemotherapy, 538-540 
s Chloral, 125 
hydrate, 125 
Chloramine T, 350 
Chloranil, 389 

Chlorination, 49, see also halogena- 
tion 

Chloro-acetic acid, 100, 200, 209, 571 
-acids, 100, 208-210 
-anthraquinone-/3, 463 
-benzene, 341-342 
aniline preparation, 365-366 
nitrophenol preparation, 363 
phenol synthesis, 354 
-carbonic ester, see ethyl chloro- 
carbonate 

-formic ester, see ethyl chlorocar- 
bonate 

-hydroquinone, 387 
-methyl ether, 122 
-naphthalenes, 450 
-phenol, o-, 391 
-propionic acids, 208, 209* 

-succinic acid, 216 
Walden's inversion, 616 
-sulfonamides, 350 
-toluenes, 341*, 342 
Chloroform, 125, 132*, 133 
Chlorophyll, 607, 610-611 
Chloroplasts, 596 

Chloroprene, 78-79, see also duprene 

Cholanic acid, 496 

Cholestane, 493, 496 

Cholesterol, 492-494 

Cholic acid, 495 

Choline, 170, 190, 576 

Chromogen, 545 

Chromone, 521 

Chromophores, 544 

Chromoproteins, 589 

Chrysophanic acid, 467 

Chrysene, 466, 497 

Cinchona alkaloids, 537 


Cinnamic acid, 405, 430, 443 
alcohol, 435 
aldehyde, 404 
Cis form, 287 
Citral, 492 

Citric acid, 210, 215-216 
Citronellol, 492 
Citrulline, 574 
Civetone, 478 

Clemensen reduction of acetophen- 
one, 411 

Coagulation of proteins, 585, 586 
Coal hydrogenation, 56 
Coal tar, 324-326 
dyes, 364 

hydrocarbons, 323-339 
Coca alkaloids, 537 
Cocaine, 535, 537 
Co-enzymes, 529, 591 
Collodion, 319 
Colophony, 505 

Color and constitution, 543-545 
Color base, 551 
Condensation, 
aldol, 117-118, 238 
aromatic aldehydes, 404, 405 
benzoin, 402 
of ketones, 118-119 
Condensed rings, 465 
Configuration stereochemical, 
conventions, 613-614 
determination, 614-616 
hydroxy acids, 614-616 
sugars, 622-628 
Congo red, 549-550 
Coniferin, 436 
Coniferyl alcohol, 436 
Coniine, 537 
Conium alkaloids, 537 
Conjugated proteins, 589 
double bonds, 72-73 
Continuous extraction, 34 
Copper acetylide, 70 
Coprostane, 496 
Coprosterol, 496 
Corpus luteum, 498 
Cortin, 503 
Cotton, 318-319 
Cotton seed oil, 184, 189 
Coumarin, 408, 52* 

Coumarone, 521 

Coupling reactions of diazonium salts, 
380-381 
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Cozymase, 529 

Cracking, 53-55, see also thermal 
decomposition 

source of unsaturated hydrocar- 
bons, 53, 67 
Crafts, J. M., 333 
Cream of tartar, 216 
Creatine, 573-574 
-phosphoric acid, 574 
Creatinine, 574 
Cresols, 325, 352*, 355 
Cresyl group, 339 
Crocetin, 599*, 602 
Crotonaldehyde, 147, 290-291 
Crotonic acids, 281, 282, 287 
aldehyde, see crotonaldehyde 
Crude oil, 51 

Cryptoxanthine, 599*, 603 
Crystal violet, 554 
absorption spectrum, 544 
Cumaric acid, 431 
Cumene, 338* 

Curtius rearrangement, 255-256, 579 
Cyanamide, 261-262 
Cyananates, 254-255 
Cyanic acid, 252-254 
from urea, 254 
Cyanides*, see nitriles 
Cyanidin, 604, 606 
Cyanidin chloride, 604, 606 
Cyanoacetic acid, 200 
Cyano acids, 209 
Cyanohydrins, 117, 211, 572 
Cyanuric acid, 252-253 
Cyclic anhydrides, 
of alicyclic acids, 479-480 
of aliphatic acids 
saturated, 202-204 
unsaturated, 284-285 
of aromatic acids, 425, 429 
Cyclic ketones, 477-479, see also ali- 
cyclic compounds 
paraffins, see cycloparaffins 
terpenes, 488-491 
ureides, 523 
Cyclo-butane, 470* 

-decanone, 478* 

-heptane, 470* 

-hexadiene, 329, 483 
-hexane, 470*, 481 
-hexane, dibromide, 483 
-hexane-1, 2-dicarboxylic acid, 479- 
480 


-hexanol, 481, 4-83 
-hexanone, 471, 472, 483 
-hexene, 329, 483 
-nonanone, 478* 

-octadecanone, 478* 

-octanone, 478* 

-oetatetraene, 331-332 
-paraffins, 470, 471, 473-474, 481 
-pentane, 470* 
-pentanophenanthrene, 494 
-pentanoperhydrophenanthrene, 
494 

-pentenophenanthrene, 494 
-pentanone, 472, 481 
-propane, 470*, 471, 473, 474, 479 
-propane dicarboxylic acid, 479 
-triacontane, 478 
Cymene, p-, 339, 489 
Cysteine, 570*, 575 
Cystine, 570*, 575 
Cytochrome, 529, 593* 

Cytosine, 523 

Deadly nightshade, see atropa bella- 
donna 

Decahydronaphthalene, see decalins 
Decalins, 481-482 
Decalols, 482-483 
Decane, 40* 

Decyl alcohol, 12 
Degradation of amides, 151 
of acids, 437 
of a - hydroxy acids, 214 
of sugars, 306, 624 
Dehydration of alcohols, 60 
of amides, 152 
of acids, 92, 202, 497 
of hydroxy acids, 212-213 
Dehydrocholesterol, 501-502 
Dehydrogenase, -lactic acid, 593* 
-succinic, 593* 

Dehydrogenation, 106 
of alicyclic compounds, 484, 497 
of alcohols, 105, 106 
in photographic developers, 395 
Delphinidin chloride, 605 
Denatured alcohol, 17 
Denaturation of proteins, 582, 586 
Depolymerization, 76 
Depsides, 431 
Desoxybenzoin, 413 
Developers, 395-396 
Dextrin, 316-317 
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Dextro compound, 219, 224 
Dextrose, see glucose 
Developed dyes, 549 
Diacetone alcohol, 118, 291 
Diacetyl urea, 250 
Dialkyl-dithiocarbamic acids, 271 
Diallyl, 282 

Diamines, aliphatic, 169-170 
aromatic, 376-377 

Diaminodiphenyl, 4-4', see benzidine 
Diaminophenol, 2, 4; 395*, 399 
Diamino-valeric acid, a, 5, see orni- 
thine 

Diastase, 16, 593* 

Diastereoisomers, 227-228 
Diazine, 528 
Diazo compounds, 404 
-aminobenzene, 404 
-methane, 248, 391 
Diazonium salts, 367, 377-383 
Diazotates, 382 
Diazotization, 377-378 
mechanism, 381-383 
Dibasic acids, 196-205, 241 
Dibenzalacetone, 404 
Dibenzanthracene, 466 
Dibenzoyl peroxide, 419 
Dibenzyl ketone, 409 
Dibromo-benzenes, 333 
-butyric acid, 0, 7-, 283 
Dibromoethanes, 135 
Dibromo-indigo, 560 
-methane, 132* 

Dichloramine T, 350 
Dichloro-acetic acid, 209* 

-acetone, 216 
-benzenes, 343 
-difluoromethane, 134 
-ethyl ether (/3, 0'), 53, 177 
-ethyl sulfide, 266-267 
-methane, 132* 

Dieyandiamide, 262 
Dicyclic compounds, 490 
Di-depsides, 431 

Di- (p-dimethylamino ) -triphenyl-ear- 
binol, 551-552 
Dienes, 72-79 
absorption spectra, 544* 
syntheses, 286 
Diethylene glycol, 177 
Diethyl ketone, 108* 
carbonate, 247 
ether, see ethyl ether 


sulfate, 30 
sulfite, 31 
Digallic acid, 425 
Digitalis, 504 
Digitonin, 505 
Digitoxin, 504 
Digitoxigenin, 504 
Digitoxose, 504 
Dihydric alcohols, see glycols 
Dihydroanthracene, 460, 463 
Dihydrocholesterol, 500 
Dihydroxy-anthracene-2, 6; 460 
-anthraquinone-1, 2; 556-557 
-benzene, m- see resorcinol 
o-, see pyrocatechol 
p-, see hydroquinone 
-cinnamic acid, 3, 4-; 431 
-succinic acid, 217 
Diketones, a 192, 413 
as chromophore, 544 
0-, 235-237, 239 
Diiobobenzene, p-, 397 
Diiodomethane, 132*, 134 
Dimethyl-acetamide, 161 
-acetylene, 71 
-acrolein, «, /3-, 290* 

-amine, 156 

from p-nitrosodimethylaniline, 
367 

-aminoazobenzene, p-; 381, 548 
-ammonium bromide, 156 
-aniline, 364, 366, 367 

condensation with benzaldehyde, 
552 

-benzenes, see xylenes 
-butadienes, 73 
-ethyl carbinol, 141-142 
-ethylenes, 62*, 67 
-ethyl-methane, 44* 

-maleic acid, 288 
-7-pyrone, 2, 6-; 518 
sulfate, 30 
-zinc, 28-29 

Dimolecular reduction, 116 
Dinitrobenzenes, 359 
ammonium sulfide reduction, 369 
reduction to diamine, 377 
Dinitro-chlorobenzene, 2, 4-; 363 
-phenol, 2, 4; 361, 362, 363-364 
-toluene, 2, 4; 359 
Diolefins, 72-74 
Dioxane, 1, 4-; 177 
Dipentene, 488—489 
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Dipeptide, 577 
Diphenie acid, 465 
Diphenyl, 343, 458-459 
-amine, 364, 371 
-carbinol, 436 

dicarboxylic-acid-2, 2'; 465 
ether, 354, 355 
-guanidine, 273 
ketone, see benzophenone 
-methane, 440 
-thiourea, 273 

Diphenyls, optical activity, 621-622 
Direct dyes, 546-547 
Disaccharides, 311-314 
Disodium acetylide, 71 
Dissociation constants of acids, 83-84 
amines, 157-158, 366, 372-373 
Disulfides, 267 
Disulfones, 269 

Dithioearbamic acids, 270-271 
Dithiocarbonic acids, 270 
Di vinyl ether, 177 
Dodecane, 40* 

Driers, 188 

Drugs, 422-423, 531-540 
Drying of oils, 187-188 
Dubbs cracking process, 54 
Dulcitol, 191 
Duprene, 78 
Durene, 338* 

Dye intermediates, 370 
Dyes, 542-564 
acid, 546-548 
aniline, 364 

anthraquinone vat, 560-562 
azo, 547-550 
basic, 546-548 
benzidine, 549-550 
developed, 549 
direct, 549-550 
indigoid, 560 
ingrain, 549 
lakes, 555 
mordant, 555-557 
nitrophenolic, 550 
sulfur, 562 

triphenylmethane, 551-555 
vat, 557-562 

Dyeing, theory of, 545-546 
Dynamite, 182 

Edestin, 582, 585* 

Edinol, 395* 


Egg albumin, 582, 583, 585* 
Ehrlich, 538 
Eicosane, 40* 

Eikonogen, 395 
Elbs reaction, 464, 466 
Electrolysis of acid salts, 90 
of acid esters, 201-202 
Electron diffraction, 259 
Electronic formulas, 
amine oxides, 167-168 
ammonia derivatives, 162-167 
diazonium ion, 378 
imidazole, 517 
isonitriles, 168 
nitro compounds, 360-361 
oxonium salts, 168-169, 517 
pyrrole, 510-511 
sulfones, 268-269 
sulfonyl compounds, 351 
Electron theory of valence, 163-165 
Emodine, 467 
Emulsin, 314, 593* 

Empirical formula, 4 
Enantiomorphs, 224 
Ene-diol, 302, 311 
Endothermic compounds, 72 
Enol, 232-238 

content in some compounds, 236, 
392 

Enolization, 232-239 
Enzymes, 590-593 
absolute asymmetric synthesis, 629 
acetic acid fermentation, 86 
acetone fermentation, 19 
alcoholic fermentation, 15-16 
glycoside hydrolysis, 313-314 
protein digestion, 576 
proteolytic-, 576 
respiratory, 528-529 
table, 593 
Eosin, 563 

Epidihydrocholesterol, 500 
Epinephrine, see adrenalin 
Ephedrine, 538 
Epimer, 301 
Epimerization, 306 
Equilibrium, 96-98 
Erepsin, 576 
Ergosterol, 501-502 
Ergot alkaloids, 537 
Ergotoxine, 537 
Erythritol, 191 
Essential oils, 182 
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Ester condensation, 238-239 
Esterification, 29 
inorganic acids, 29 
mechanism of, 98, 265, 421 
organic acids, 96-98 
phenols, 353 

sterically hindered acids, 420-422 
Ester interchange, 99 
Esters, of inorganic acids, 29-31 
of organic acids, 90, 94-102 
tertiary alcohols from, 142 
, Estriol, 498 

Estrogenic hormones, 498-499 
Estrone, 498 
Ethane, 40*, 48* 

Ethanesulfonic acid, 266 
Ethanol, see ethyl alcohol 
Ethanolamines, 176 
Ether, see ethyl ether 
Ethers, aliphatic, 31-36 
aromatic, 354-355 
Ethyl, free, 443 
acetate, 95*, 146 

acetoacetate, see acetoacetic ester 
-acetylene, 71 
alcohol, 4, 12*, 15-18 
absolute, 17 
denatured, 17 
fuel value, 49 
manufacture, 15-17, 67 
-amine, 156* 

-benzene, 337, 338* 
bromide, 25* 
carbonate, 247 
chloride, 25 
chloroacetate, 209* 
chlorocarbonate, 247 
cinnamate, 430 8 
cyanide, see propionitrile 
dichloracetate, 209* 
ether, 31-34 
absolute, 34 
-ethylene, 62*, 67 
formate, 95* 
gas, 55 

hydrogen sulfate, see ethylsulfuric 
acid 

iodide, 25* 

isopropyl ketone, 108* 
lactate, 212 

malonate, see malonic ester 
mercaptan, 264 
methyl sulfide, 266 


nitrate, 29 
nitrite, 30 

orthocarbonate, 257 
orthoformate, 102, 133 
oxalate, 199 
propionate, 95* 
propyl ketone, n-, 108* 
sulfuric acid, 30 
thioacetate, 265 
trichloroacetate, 209* 
vinyl ketone, 291* 

Ethylene, 58, 60, 62*, 63, 64, 66, 67 
heat of combustion, 49* 
structure of, 127-128 
aliphatic derivatives of, see hydro- 
carbons, olefin 
aryl derivaties of, 444-445 
Ethylene-bromohydrin, 174 
-chlorohydrin, 64, 163 
dibromide, 58, 135 
dichloride, 58, 134 
glycol, 66, 173-174 
oxide, 145, 174-177 
Ethylenic linkage, 59 
Ethylidene acetone, 291* 
bromide, 135 
chloride, 134-135 
diacetate, 146 
Eugenol, 409 
iso-, 409 

Exhaustive methylation, 514, 534 
Explosives, 
nitroglycerine, 182 
picric acid, 361-362 
trinitrotoluene, 360 
Extracts, 17 

Faraday, Michael, 326 
Farnesol, 599*, 601 
Fats, 182-187 
Fat soluble vitamin, 603 
Fatty acid series, see acids saturated 
Febrifuge, 369 
Fehling solution, 111, 216 
Female sex hormones, 498-500 
Fermentation, 15-16 
acetic acid, 86 
acetone, 19 
butyl alcohol, 19 
ethyl alcohol, 15-16 
lactic acid, 212 
Fibroin, 580-581 
Fibrous proteins, 581-582 
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Filterable viruses, 590 
Fischer, Emil, 
phenylhydrazine, 380 
proteins, 577 
sugars, 303, 308 
triphenylmethane dyes, 551 
uric acid, 525 
Fischer, Otto, 551 
Flavones, 607 
Flavonols, 606 
Flavoprotein, 528, 591, 593 
Flowers, color of, 604-607 
Fluorene, 466 
Fluorescein, 563-564 
Fluorine derivatives, 29 
Formaldehyde, 107*, 113, 119, 12S 
photosynthesis, 129, 610 
Formalin, 12S 
Formamide, 150* 

Formic acid, 83*, 85-86 
Formonitrile, see hydrogen cyanide 
Formulas, empirical, 4 
graphic or structural, 7 
general, 8 

Formyl chloride, 407 
Formyl group, 93 
Frankland, 29 
Free radicals, 441—443 
Friedel, C., 333 
Friedd-Crafts’ synthesis, 
aromatic aldehydes,’ 4 407 
alkyl benzenes, 333 
arylmethanes, 440 
ketones, 410, 411, 412, 462-463 
Fructose, d-, 301-303 

configuration, proof of, 628 
Fuchsine, 124, 553 
Fuel oil, 51 
Fuel value, 48-49 
Fulminic acid, 256 
Fumaric acid, 284r-288 
Functional groups, 172 
Furan, 508 
Furanoses, 310 
Furans, 512 
Furfural, 53, 303, 512 
Furfuraldehyde, see furfural 
Fusel oil, 19 

G salt, 457 

Gabriels synthesis, 427-428, 572 
Galactans, 301 
Galactose, d-, 300, 301 


Galacturonic acid, 321 
Gall nuts, 424 
Gallic acid, 391, 424 
Gallo-tannin, 424-425 
Gasoline, 39, 51-56 
Gattermann reaction, 380 
Geneva System, see nomenclature 
Genin, 504 

Geometrical isomerism, 286-289 
benzaldoximes, 405-406 
cyclic compounds, 479-480, 481-483 
Geranial, 492 
Geraniol, 492, 599* 

Glacial acetic acid, 86 
Gliadin, 582, 585* 

Globin, 609 
Globulins, 582, 584 
Gluconic acid, 299, 306 
Glucoproteins, 589 
Glucose, 298-301, 307-310 

configuration, 307-308, 626 
manufacture of, 316 
structure, 298-300, 307-310 
« and jS forms, 308 
pentacetate, 309 
Glucosidase, 0-, 314, 593* 

Glucosides, 306-307 
enzymatic hydrolysis, 313 
Glutamic acid, 570* 

Glutaric acid, 196*, 203 
Glutarimide, 205 
Glutelins, 582 
Glutenin, 582 
Glyceric acid, 614 
Glyceric aldehyde, 315, 613 
Glycerides, 181-186, 190 
Glycerine, see glycerol 
Glycerol, 180-182, 289 
dichlorohydrin, 182 
formate, 277 
monochlorohydrin, 182 
triacetate, 181 
trioleate, 184 
tripalmitate, 184 
tristearate, 184 
Glycine, 569*, 571, 576 
Glycocholic acid, 495, 576 
Glycogen, 212, 314, 316 
Glycocoll, see glycine 
Glycollic acid, 193, 210, 213, 214 
gly collide formation, 213 
aldehyde, 193 
Glycollide, 213 
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Glycols, 172-180 
oxidation products, 191-195 
Glycosides, 307 
Glycyl-alanyl-leucine, 579 
Glycyl-glycine, 577 
Gly cyl-gly cyl-gly cine, 578 
Glyoxal, 193 

absorption spectrum, 544* 
from benzene, 328 
Glyoxaline, 517 
Glyoxylic acid, 194 
Gomberg, Moses, 441 
* Gonadotropic hormones, 498-500 
Graebe, 543, 556 
Grignard, 27 
reagent, 26-28 
syntheses, 
of acids, 88, 417 
of alcohols, 118-120, 141-145 
ethylene oxide reaction, 145 
of hydrocarbons, 27, 143 
of ketones, 109-110 
Guaiacol, 391 
Guanidine, 256-259 
Guanidinium ion, 258 
Guanine, 523, 526 
Gum arabic, 321 
benzoin, 417 
guaiacum, 391 
Gums, 321-322 
plant synthesis, 597* 

Gun cotton, 318-319 

H acid, 457 
Hair, 580 

Halides, reactivity of, 276, 434 
Halochromism, 439 * 

Halo esters, 100-101, 209 „ 
ethers, 122 

Haloform reaction, 125-126 
Halogen acids, 100-101, 207-210 
Halogenation, 49-50 
acids, 100-101, 207-210 
aldehydes and ketones, 124-126 
alkyl benzenes, 342 
benzene, 333 

ethylene derivatives, 58, 63-64, 444 
hydrocarbons, aliphatic, 49-50 
phenols, 355-356 
Heart poisons, 503-504 
Heats of combustion, 47-49 
Heats of formation, 71-72 
Helianthin, 565 


Hell-Volhard-Zelinsky, 100-101 
Heller's test, 592 
Heme, 609 
Hemi-acetals, 121 
Hemi-eelluloses, 302 
Hemin, 607-608 
Hemocyanin, 585* 

Hemoglobin, 585*, 607, 609-610 
Heptacontane, 45 
Heptadecane, 40* 

Heptaldehyde, n-, 107* 
Heptamethylene glycol, 179* 
Heptane, n-, 40* 

Heptoic acid, n-, 83* 

Heteroauxin, 575 
Heterocyclic compounds, 
aliphatic, 511-512, 519, see also lac- 
tones, cyclic anhydrides and 
imides 

aromatic, 508-529 
as alkaloids, 532 — 537 
furans, 512 
imidazoles, 516-517 
indoles, 520, 575 
purines, 522-527 
pyridine and piperidine, 512-513 
pyrimidines, 515-516 
pyrones, 517-518 
pyrroles, 511 
quinolines, 521-522 
Hexa-chlorobenzene, 328 
-decane, 40* 

-hydrobenzene, see cyclohexane 
-hydroxycyclohexane, 485 
-hydrophthalic acid, 479-480 
-methyl acetone, 144, 244 
-methylbenzene, 338* 

-methylene glycol, 179* 
-methylenetetramine, 129 
-methylethane, 45-46 
-phenylethane, 441-443 
Hexane, n-, 40* 

Hexene, cyclo-, 329, 483 
Hexose phosphates, 315 
Hexoses, 300 

conversion to trioses, 315-316 
Hexuronic acids, 321 
Hexyl alcohol, 12* 

Hexylresorcinol, 390, 411 
Hinsberg separation of amines, 350- 
351 

Hippuric acid, 576 
Histidine, 570* 
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Histones, 582 
Hoff, van’t, 217, 222 
Hofmann, A. W,, 151, 326, 551 
reaction, 151-152 

Homocyclic compounds, definition, 323 
Homologous series, definition, 8 
Hormones, 497 
adrenaline, 536 
insulin, 594 
plant, 575 
protein type, 594 
sex, 497-501 
thyroglobulin, 594 
Hydracrylic acid, 211 
Hydrazine, 256, 380 
Hydrazobenzene, 375-376 
Hydro-benzamide, 405 
-benzoin, 413 

Hydrocarbon, definition, 40 
tests for type, 74-75 
H3 r drocarbons, 
aromatic, 323-339 
nitration, 358-359 
physical properties, 325*, 338*, 
359* 

preparation, 336-339 
sulfonation, 348-349 
aryl-aliphatic, 439-442 
cycloparaffins, see cycloparaffins 
saturated aliphatic, 39-56 
chemical properties, 47-51 
heats of combustion, 47-49 
nomenclature, 46-47 
preparation, 41-43, 90 
unsaturated aliphatic, 58-80 
acetylenic, 68-72 
diolefins, 72-75 
ethylenic, see olefins 
olefins, 58-68 
Hydrocinnamic acid, 430 
Hydrocyanic acid, see hydrogen cyan- 
ide 

Hydrogen, 50* 
sulfide derivatives, 264-269 
Hydrogenation, catalytic, see also 
reduction, 
aldehydes, 114 

alicyclic hydrocarbons, 473-474 
aromatic compounds, 481 
benzene, 330-331, 4S3 
carbon monoxide, 13, 18, 56 
coal, 56 

cyclic compounds, 473-474 


esters, 100, 178 
ketones, 114 
naphthalene, 451, 483 
olefins, 66 
vegetable oils, 185 
Hydrogen cyanide, 

in preparation of amino acids, 572 
in preparation of aromatic alde- 
hydes, 407 

reaction with carbonyl compounds, 
117 

tautomerism, 253 
Hydrolysis, acid anhydrides, 92 
acid chlorides, 91 
amides, 150 
enzymatic, 313-314 
esters, 96-97 
nitriles, 89, 152, 154 
peptides, 579 

Hydroquinone, 385-386, 395 
oxidation-reduction reaction, 387- 
388 

Hydroxy-acids, 210^217 
configuration, 614-616 
-aldehydes, aromatic, 408-409 
-azobenzene, 381 
ethers of, 409 
-benzaldehyde, o-, 408-409 
-benzyl alcohols, 434-436 
-butyric acid, <*-, 210, 211 
-butyric acid, 7-, 213 
-cinnamic acid, o-, 408 
cinnamic acid-p, 431 
-glutamic acid, /3-, 570* 

-ketones, aromatic, 412-413 
-naphthalene-3-carboxylic acid, 2-, 
457 

-nitriles, see cyanohydrins 
-proline, 570* 
propionic acid, /3-, 211 
pyrimidines, 515, 523 
-succinic acid, see malic acid 
-toluenes, see cresols 
Hydroxylamine, 122 
Hyoscine, 535 
Hyoscyamine, 533-534 
Hypnone, see acetophenone 
Hypo, 461 
Hypoxanthine, 527 

Imidazole, 509, 517 
Imides, cyclic, 

of glutaric and succinic acid, 205-206 


Imides, cyclic, 

of orthosulfobenzoie acid, 428 
of phthalic acid, 427 
Imido esters, 154 
Indanthrene blue, 561 
violet, 562 
Indene, 466 
Indican, 558 
Indicators, 564-566 
Indigo, 557-559 
dibromo-, 560 
dyes of antiquity, 559-560 
# leuco, 558 
thio-, 560 
white, 558 
Indigoids, 560 
Indole, 520-521 
Indole acetic acid, 0, 575 
Indole-alanine, see tryptophane 
Indophenol, 374 
absorption spectrum, 544* 

Indoxyl, 558 
Ingrain colors, 549 
Inhibitors, see antioxidants 
Inks, 564 

Inner esters, see lactones 
salts, 368, 572 
Inosite or inositol, 485 
-phosphoric acid, 485 
Insulin, 585* 

Intramolecular rearrangements, see 
molecular rearrangements 
Inter-atomic distances, 259, 288, 581 
Insulin, 302, 594 
Inversion, 311 
Invertase, 311, 593* 

Invert sugar, 312 
Iodine number, 189 
Iodo-acetic acid, 209* 

-acids, a-, 100 
-benzene, 341, 342 
-phenols, 397, 398 
-toluenes, 341* 

Iodoform, 125-126, 132*, 134 
-test, 125-126 
Iodogorgoic acid, 570* 

Iso-amyl acetate, 95* 

-butane, 44, 143 

-butyl alcohol, 13*, 142, 215 

-butyraldehyde, 107* 

-butyric acid, 83* 

-butyronitrile, 154* 

-crotonic acid, 282, 287 
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-cyanates, see alkyl isocyanates 
-cyanic acid, 253 
-cyanides, see isonitriles 
-eugenol, 409 
-leucine, 569* 

-nitriles, 155 
-phthalic acid, 429 
-propyl alcohol, 9, 18 
from propylene, 67 
synthesis, 120 
-propylbenzene, 338* 

-propyl ether, 35 
-propyl halides, 25* 

-propyl mercaptan, 265* 
-propylethylene, 62* 

-thiocyanates, 155 
Isoelectric point, 573, 583 
Isomerism, 
geometrical, 286-289 
of ring compounds, 479-480, 
481-483 

optical, 219-229 
of allenes, 621 
of diphenyls, 621-622 
of hydroxy acids, 225-227, 614- 
615 

of ring compounds, 479-480, 481- 
483 

of sugars, 300-303, 306-308, 
312-314, 622-628 
structural, 5-11 
Isoprene, 73, 74, 77, 78 
relation to terpenes, 491-492 
polyene pigments, 599-600 

Japan camphor, 490 
Jellies, 321 

Kekul6, 5 

benzene problem, 327-328 
Keratin, 580-581 
Kerosene, 51, 53 
Keto esters, (3, 231-237 
Keto form, 232-233 
of phenols, 392-393 
Ketohexoses, 301-302 
conversion into aldoses, 305 
Ketoketenes, 296 
Ketene, 295 
Ketenes, 295-296 
Ketones, 

aromatic, 409-414 
hydroxy-, 410 
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Ketones, 

cyclic, see alicyclic ketones 
saturated, 105-130 
degradation, 111, 414 
identification, 123-124 
industrial importance, 128-130 
preparation,' 108-110, 243 
unsaturated, 291-295, 572 
Ketonic acids, 192, 231 
alcohols, 192 
aldehydes, 192, 237 
esters, 221-238 
Ketonic cleavage, 243 
Ketoses, 300 

conversion into aldoses, 305 
Ketyls, 443 
Knock rating, 55 
Kolbe, H., 422 
synthesis, 422, 457 
Korner, W. G., 335 
absolute method, 334-337 

Lachrymators, 125 
Lacquer paints, 319-320 
Lactalbumin, 585* 

Lactic acid, 210, 212 
configuration, 614 
dehydrogenase, 593* 
isomerism, 223-224 
Lactide, 213 
Lactones, 

aliphatic hydroxy acids, 213-214, 
519 

aromatic hydroxy acids, 564-565 
monosaccharide acids, 305-306 
Lactose, 312-313 
Laevo compounds, 219, 224 
Laevulinic acid, 243 
Laevulose, see fructose, d- 
Lakes, 555-556 
Lanolin, 493 
Lard, 189 
Laurie acid, 83* 

Laurus camphora, 490 
Lauryl alcohol, 18, 187 
Lead acetate, 88 
tetraacetate, 174, 178 
tetraethyl, 29, 55, 443 
, Leather, 424 
Le Bel, J. A., 217, 222 
Lecithin, 190 

Lecitho-proteins, see conjugated pro- 
teins 


Leucine, 569* 
iso-, 569* 

Leuco-bases, 552 
-indigo, see indigo white 
Leucyl-glycine-alanine, 579 
Leucyl-glycy 1-glycine, 577 
Lichens, 431 
Liebermann, 543, 556 
Liebig, 525 
Lignin, 317, 436 
Ligroin, 51 
“ Liming out,” 348 
Limonene, 488-489, 599* 

Linoleic acid, 183, 189 
Linolenie acid, 183, 189 
Linseed oil, 184, 187, 188, 189 
Lipase, 593* 

“ Liquid petrolatum,” 52 
Lithium alkyls, 28, 120 
Lithocholic acid, 495 
Lubricating oils, 51, 53 
Lycopin, 599*, 601 
Lysine, 570* 

Lyxose, 623, 625 

Macromolecules, 590 
Madder root, 556 
Magenta, see fuchsine 
Malachite green, 551-552 
absorption spectrum, 544 
Male sex, hormones, 500-501 
Maleic acid, 216, 284-289 
preparation, 285-286, 388 
Maleic anhydride, 285, 286 
Malic acid, 210, 216, 217, 284, 388 
Walden's inversion, 616 
Malonic acid, 195*, 200 
Malonic ester, 200-201, 236, 239- 
242 

reaction with urea, 251 
use in syntheses, 240-242, 472 
Malonyl urea, see barbituric acid 
Malt, 16 

Maltase, 314, 593* 

Maltose, 16, 312-313 
Mandelic acid, 430 
Mandelonitrile, 430 
Mannitol, 191 
Mannonic aeid, 306 
Mannose, d-, 300, 301, 306, 627 
Margaric acid, 83* 

Markownikoffs rule, 65-66, 208, 280 
Marsh gas, see methane 
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Marsh gas series, see hydrocarbons, 
saturated 
Mass law, 96-98 
Mauve, 551 
Mechanisms, 
addition, 1-4; 293-294 
aldol condensation, 238 
bromination of ketones, 238 
coupling reactions, 377-378 
diazotization, 377-378 
esterification, 98, 265, 421 
ketene reactions, 296 
oxidation of aldehydes, 111 
of photographic developing, 395- 
396 

of substitution reactions, 618 
substitution in aromatic nucleus, 
450-451 

Mellitic acid, 429 
Menthol, 489 
Menthone, 489 
Mercaptans, 264-269 
Mercurochrome, 564 
Mercury fulminate, 256 
Mesitylene, 337-338 
Mesityl group, 339 
Mesityl oxide, 291, 338 
Meso tartaric acid, 217 
Metabolism of sugars, 315-316 
Metaldehyde, 112 
Metallic ketyls, 443 
Metanilic acid, 394 
Meta orienting groups, 345-347 
Meta syntheses, 397-398 
Metathetical reactions, 26 
Methane, 40*, 43-44 
aryl derivatives of, 439-441 
Methane series, see hydrocarbons, 
saturated 

Methanol, see methyl alcohol 
Methemoglobin, 610 
Methionine, 570* 

Methyl, free, 443 
Methyl-acetamide, 161 
acetate, 95* 

-acetoacetic ester, 236 
-acetyl acetone, 236 
-acetylene, 71 
-acrylic ester, 280 
alcohol, 6, 12*, 13-15, 16 
heat of combustion, 49* 
manufacture, 13-15 
-allyl-carbinol, 277* 


-amine, 156, 158, 159, 160 
-aminophenols, 395 
-ammonium chloride, 156 
-aniline, 364, 366, 367 
-anthraquinone-/3, 463 
-benzaldehyde, p-, 407 
-benzene, see toluene 
bromide, 25* 

-butadienes, 73, 76-77, see also 
isoprene 

n-butyl ketone, 108* 

tert-butyl ketone, 108* 

carbylamine, see methyl isocyanide 

cellosolve, 176 

chloride, 25* 

cyanide, see acetonitrile 

cyclohexyl ketone, 471 

ether, 5, 8, 35 

-ethylacrolein, 290* 

-ethylethylenes, 62* 
ethyl ketone, 108* 
ethyl sulfide, 266 
formate, 95* 
glucosides, 306-307, 310 
glyoxal, 194 
-imidazole, 516 
-indole, /?-, 575 
iodide, 25* 

isobutyl ketone, 108* 
-isopropylbenzene, 1-4, see cymene, 

p- 

isopropyl ketone, 108* 
magnesium iodide, 27 
mercaptan, 265* 
orange, 565-566 
propionate, 95* 
propyl ketone, 108* 
red, 566 

salicylate, 423-424 
succinimide, 534 
sulfate, see dimethyl sulfate 
-viny-carbinol, 277* 

Methyl vinyl ketone, 291* 

Methyl violet, 554 
Methylene-bromide, 132* 

-chloride, 132* 

-iodide, 132*, 134 
Metol, 395 

Meyer, K. H., 234-235 
Micelle, 318 
Michler’s ketone, 553 
Milk sugar, see lactose 
Millon’s reaction, 592 
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“ Mineral oil/- 52 
Mineral oils, 182 
Mixed ethers, 35 
Molecular compounds, 
of picric acid, 362 
quinhydrone, 387 
Molecular formula, 4 
Molecular rearrangements, 
acid azide, 255-256, 579 
aniline acid sulfate, 367 
benzidine, 376 
benzil, 414 

diazoamino compounds, 381 

eugenol, 409 

ketoximes, 414 

nitroso phenols, 289 

nitrous acids on amines, 160-161 

phenyl hydroxylamine, 374 

pinacol, 180 

pinene hydrochloride, 490 
three carbon systems, 282 
vinylacetic acid, 282-284 
Molecular weights of proteins, 585 
Monoacetyl urea, 250 
Monobromoacetone, 124 
Monosaccharides, 298-311 
Mordants, 555-556 
Morphine, 537* 

Mother of vinegar, 86 
Mustard gas, 266-267 
Mustard oils, sec isothiocyanates 
Mutarotation, 308 
Myricyl alcohol, 191 
Myristic acid, 83* 

N and W acid, 457 
Naphthalene, 325*, 447-458 
reduction of, 450, 481-482 
Naphthalene-monosulfonic acids, 451, 
452 

-tetrachloride, 450 
Naphthalic acid, 457 
Naphthene hydrocarbons, see hydro- 
carbon, cycloparaffins 
Naphthionic acid, 456 
Naphthol, 452-454, 455 
-4- sulfonic acid, 456 
jS-, 452-454, 455, 548 
-disodium disulfonates, 456-457 
Naphthoquinones, 458 
Naphthoyl chloride-/?, 466 
Naphthylamines, 454-456 
Narcotine, 537* 


Natural gas, 54 
syntheses from 67-68 
Negative groups, 237, 372-373 
Neosalvarsan, 538-539 
Nerol, 492 

Neville-Winther acid, 457 
Nicol prism, 219 
Nicotinamide, 529 
Nicotine, 532-533, 537 
Nicotinic acid, 527, 529, 532 
Nitraniline, see nitroaniline 
Nitration, 
of acetanilide, 370 
of aniline, 369 

of aromatic compounds, 358-361 
of phenol, 361-362 
Nitriles, 26, 89, 152-155 
reactions, 89-90, 109-110, 154-155, 
211, 572 

Nitrile synthesis, 
of acids, 89-90 
of amino acids, 572 
of hydroxy acids, 117, 211 
of ketones, 109-110 
Nitro-acetanilide, p-, 370 
-aniline, m-, 369, 394, 397 
o- and p-, 370-371, 309 
-anilines, 368-369, 371-372 
-aryl halides, 362-364 
-benzene, 359-360 
reduction, 365, 373-376 
-benzoic acids, 419^120 
-cellulose, see cellulose nitrate 
-chlorobenzenes, 364, 377 
-compounds, aliphatic, 158-159 
aromatic, 358-364 
-diphenic acid, o-, 621 
-ethane, 159 
-glycerine, 182 
-methane, 159 
-phenol, m-, 394 
o- and p-, 361-362, 394 
-phenols, 361-364 
-naphthalene, a- 
oxidation, 448-449 
preparation, 455 
sulfonation, 452 

Nitro group, influence on reactivity, 
345, 360, 362-363, 364, 372 
Nitrosamines, 160, 367 
Nitroso-benzene, 373, 374 
-compounds, 

condensation reactions, 374 
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Nitroso-compounds, 

electronic structure, 361 
from secondary amines, 160, 367 
-dimethyl amine, 160 
-dimethylaniline, p-, 367, 374, 377 
-methylaniline, 367 
-phenol, p-, 389-390 
Nitro-toluenes, 359-360 
-urea, 252 
Nobel, 182 
Nonadecane, 40* 

Nonane, n-, 40* 

1 Non-polar valences, 163-165 
Nonylaldehyde, 107 
Nonylic acid, 83* 

Nomenclature, 
acetylenic hydrocarbons, 71 
acids, 84-85 
alcohols, 9, 10, 36, 47 
aldehydes, 108 
alkyl halides, 22, 47 
amines, 155 
of aryl groups, 339 
of azo compounds, 381 
benzene substitution products, 333- 
334 

diolefins, 72 
ethers, 37 

Geneva system, 46-47 
glycols, 179 
halogen acids, 207 
heterocjmlic compounds, 509-510 
hydroxy acids, 211 
ketones, 108 

naphthalene derivatives, 448 
nitriles, 153 
olefins, 62-63 
paraffins, 46-47 
polyhalogen compounds, 135 
purines, 522 
unsaturated acids, 284 
unsaturated alcohols, 279 
Norleucine, 569* 

Novocaine, 536 
Nucleic acids, 523-524, 526 
Nucleoproteins, 523, 589 
Nucleoside, 526 
Nucleotide, 526 
Nux vomica, 537* 

Octa-decane, 40* 

Octanes, 40*, 45 
Odd molecules, 443 


Oil, fusel, 19 
lubricating, 51, 53 
of bitter almonds, 401 
cinnamon, 404 
cloves, 409 
cod liver, 501 
cotton seed, 184, 189 
eucalyptus, 492 
garlic, 266 
geranium, 107, 492 
linseed, 184, 187, 189 
mustard, 272 
of nutmegs, 409 
olive, 184, 189 
peppermint, 489 
wintergreen, 423 
Oil paints, 188 
Oils, 182-190 
plant synthesis, 596* 

Olefins, see hydrocarbons, unsaturated 
Oleic acid, 183, 184, 189 
Oleomargarine, 186 
Olive oil, 184, 189 
Opium alkaloids, 537 
Optical activity, 219-229 
origin of, 629 

Optical isomerism, 219-229 

conventions for configurations, 
613 

of cyclic compounds, 479-480, 481- 
483 

Optically active isomers, 219-226 
asymmetric molecules, 223, 621 
configuration determination, 612- 
621 

determination of number, 227-228 
diphenyl series, 621-622 
separation, 224-225 
synthesis, 624 
Orange II, 547-548 
Orientation in aromatic compounds, 
344-347 

Orienting groups, 344-345 
Ornithine, 574-575 
Orsellinic acid, 431 
Ortho and para orienting groups, 
344-347 

Ortho-acids, 101 
Ortho-carbonic acid, 257 
-formic esters, 101, 133 
Ortho syntheses, 398-399 
Ortol, 395* 

Osazones, 303-304 
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Osones, 304-305 
Ovarian hormones, 498-500 
Oxalic acid, 173, 196, 197-199 
Oxalyl chloride, 199, 251 
Oxalyl urea, 251 
Oxamic acid, 204 
Oxamide, 204 
Oxidation, 

alcohols, 88, 105-106 
aldehydes, 111 
arylmethanes, 440 
auto-, 403-404 
benzene, 285, 388 
hexaarylethanes, 441 
of N-benzoyl piperidine, 513 
hydroquinone, 386-388 
a-hydroxy acids, 214-215 
ketones, 111 
mercaptans, 268, 269 
naphthalene, 448 
olefins, 66, 178 
toluene, 401 
Oxidation-reduction, 
anthraquinone, 461-462 
benzil-benzoin, 413 
cystein-cystine, 575 
naphthaquinones, 458 
phenanthraquinone, 465 
quinone-hydroquinone, 387-388 
quinonimine-aminophenol, 395 
vat dyes, 557-559 
Oxime, 122-123 
conversion to nitriles, 153 
reduction to amines, 158 
Oxonium salts, 
of anthocyanidins, 604 
of ethers, 168-169 
pyrones, 517-519 
pyrylium salts, 517-519 
Oxyhemoglobin, 609-610 
Oxyproline, see hydroxyproline 
Ozonide, 139-140 
Ozone, 139-140 

Palmitic acid, 83*, 183, 184, 186 
Paper manufacture, 317 
Parabanic acid, see oxalyl urea 
Paraffin, 51 

Paraffin series, see hydrocarbons, 
saturated 

Paraformaldehyde, 113, 128 
Paraldehyde, 112, 113 
Para red, 549 


Pararosaniline, 553 
Para syntheses, 397 
Paris green, 88 
Partial valence theory, 294 
Pasteur, L., 15, 221-222 
Pectins, 321-322 
Pelargonidin chloride, 605 
Penta-decane, 40* 

-decylic acid, 83* 

-digalloyl-glucose, 425 
-hydroxycyelohexane, see quereitol 
-methylbcnzene 1, 2, 3, 4, 5; 338* 
Pentamethylene-diamine, see cada- 
verine 

-dibromide, 514 
-glycol, 179* 

Pentane, n~, 44* 

Pentanes, 44 
alcohols from, 51 
Pentasols, 50 
Pentosans, 302 
Pentoses, 300 
configuration, 622-627 
Pepper alkaloids, 537 
Pepsin, 576, 593* 

Peptides, 577-580 
Peptones, 576-580 
Per benzoic acid, 419 
Perhydro compounds, 481 
Perhydronaphthalene, see decalin 
Perhydronaphthols, see decalols, 
Perhydrophenanthrene, 481 
Perkin, W. H., 404 
reaction, 404-405 
Peri position, 457 
Peroxides, 
benzoyl-, 403, 419 
hexaarylethanes-, 441 
influence on olefine addition reac- 
tions, 65-66 

Petroleum, 39-41, 51-56 
syntheses from, 67-68 
Petroleum ether, 51 
Pharaoh's serpents, 272 
Phenacetin, 394 
Phenanthraquinone, 464-465 
Phenanthrene, 325*, 464-466 
Phenetole, 355 

Phenylene diamines, 376-377 
Phenol, 352-354 

in benzaldehyde condensation, 405 
ketonic formulas, 393 
nitration, 361-362 
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Phenol ethers, 354-355 
from nitroaryl halides, 362-363 
Phenolphthalein, 563, 564-565 
Phenols, 352-356 

Reimer-Tiemann reaction, 408 
halogenated, 355-356 
Phenyl acetate, 353 
-acetic acid, 429 
-alanine, 569* 

-butenoic acid, 453 
-glyoxal, 412 
, -glycine, 559 
-hydrazine, 
carbonyl reagent, 122 
preparation, 380 
sugar reactions, 303-304 
-hydrazones, 122 
-hydroxylamine, 373, 374 
methyl ketone, see acetophenone 
-propiolic acid, 430 
-propionic acid, 430 
-salicylate, see salol 
-tolyl ketone, 414 
Phenylene diamines, 376-377 
Phloroglucinol, 385*, 391-392 
from anthocyanidins, 606 
trioxime, 392 
trimethyl ether, 392 
Phorone, 291, 338 
Phosgene, 246-247 
Phosphatase, 593* 

Phosphatides, 190 
Phosphoproteins, 589 
Phosphotungstic acid, 584 
Photographic developers, 395-396 
Photosynthesis, 128, 596, 610 
Phthalic acid, 418, 425 
anhydride, 425-427 
anthraquinone synthesis, 462 
condensation reactions, 563-564 
dyes from, 559, 563-565 
Phthalimide, 420, 427-428 
Phthalocyanines, 609 
Phycocyan, 585*, 589 
Phytin, 485 
Phytol, 600 
Phytosterols, 493 
Picene, 466 
Picramide, 372 

Picric acid, 360, 361-363, 364 
Picryl chloride, 363 
Pigments, 

anthocyan, 604-606 
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flavone, 606-607 
phthalocyanines, 609 
polyene, 598-604 
pyrrole, 607-611 
Pimelic acid, 196*, 534 
Pinacol, 116, 179 
Pinacols, 116, 179 
rearrangement, 180 
Pinacolone, 180 
Pinacones, see pinacols 
Pinene, 489 
-hydrochloride, 490 
Piperidine, 513, 514, 515 
N-benzoyl, 513-514 
Piperine, 537* 

Plantation rubber, 77 
Plant hormones, 575 
Plant pigments, 598-607 
Plasticizers, 320, 459 
Polariscope, 219-221 
Polarized light, 219 
circularly-, 629 
Polar valences, 163-164 
Polyene pigments, 598-604 
Polyhalogen compounds, 132-137 
Polyhydric alcohols, 172-182 
Poly hydroxy aromatic compounds, 
385-393 
in nature, 393 

as photographic developers, 395- 
396 

Polymerization, acrolein, 290 
acrylic esters, 280-281 
aldehydes, 112-113 
definition of, 203 
dibasic acids, 203 
dienes, 76-79 

hydroxybenzyl alcohol, 435 
in auto-oxidation, 403 
olefins, 77 

phthalic acid resins, 427 
styrene, 444 

vinyl compounds, 276-277 
Polymerized gasoline, 54 
Polymorphism, 411 
Polynuclear aromatic hydrocarbons, 
447 

Polynucleotides, see nucleic acids 
Polyoxymethylenes, 113 
Polypeptides, 576-580 
Polysaccharides, 314-318 
Porphin, 608 
Porphyrins, 607-608 
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Potassium acetate, 87 
phthalimide, 427 
tetraoxalate, 199 
thiocyanate, 272 
Primary alcohols, 11 

dehydration, 60, 138-139 
oxidation of, 105 
relative reactivity, 24, 92, 99 
preparation, 

from ethylene oxide, 145 
from formaldehyde, 119 
reduction of aldehydes, 114-115 
reduction of esters, 99-100 
Primary amines, 
aliphatic, 155-170 
preparation, 158-159, 427-428 
aromatic, 364-373 
coupling reactions, 381 
nitrous acid reaction, 367, 377 
Procaine, 536 
Progesterone, 499-500 
Prolamines, 582, 584 
Proline, 569* 

Prontosil, 539 
Propane, 40*, 48* 

Propine, 71 
Propiolic acid, 289 
Propionaldehyde, 107 
Propionamide, 150* 

Propionic acid, 83* 

Propionitrile, 154* 

Propionyl chloride, 91* 

Propyl alcohol, iso-, 9, 18 
normal, 9, 12*, ,18 
Propyl-amine, 156* 

-benzene, 338* 
ether, 35* 

-ethylene, 62* 
fluoride, 29 
halides, 25* 
mercaptan, 265* 

Propylene, 58, 60, 62*, 67 
glycol, 177 
Prosthetic group, 589 
Protamines, 582, 583 
Proteins, 580-590 
acid, base capacity, 582-584 
classification, 582 
coagulation, 584, 586 
conjugated, 589 
hormones, 594 
molecular weights, 585 
structure, 580-581, 586-589 


Proteolytic enzymes, 576 
Proteoses, 576 
Protocatechuic acid, 431 
Protoporphyrin, 607-608 
Pro-vitamin A, 603 
Pro- vitamin D, 501-502 
Pseudo base, 518, 520, 532-533 
Pseudococaine, 535 
Pseudocumene, 338* 

Pseudo uric acid, 525 
Ptyalin, 312 
Pulp, 317 
Purine, 522, 526 
Purines, 522-527 
“ Purple of antiquity,” 560 
Purpurin, 556 
Putrescine, 169 
from arginine, 575 
Pyranose, 310 
Pyrazine, 509 
Pyrazole, 509 
Pyridine, 509, 513, 515 
carboxylic acid-0, see nicotinic acid 
Pyridine compounds, 512-513 
Pyridinium compounds, 519-520 
Pyrimidine, 509 
Pyrimidines, 523 
Pyro, see pyrogallol 
Pyrocatechol, 385*, 391, 393 
Pyrogallic acid, see pyrogallol 
Pyrogallol, 385*, 391, 395*, 424 
Pyrones, 517-519 
Pyroracemic acid, 194 
Pyroxylin, 319 
Pyrrole, 508 

Pyrrole pigments, 607-611 
Pyrroles, 512, 514 
Pyrrolidine, 514 
Pyruvic acid, 194, 315 
Pyrylium salts, 509, 517-519, 520 

Quaternary ammonium bases, 162- 
168 

of biochemical interest, 170 
thermal decomposition, 107, 514 
Quaternary ammonium compounds, 
162-168 
Quercetin, 606 
Quercitol or quercite, 485 
Quinhydrone, 387 
Quinine, 537* . 

Quinoid linkage, 544 
Quinol, see hydroquinone 
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Quinoline, 521-522 
Quinone, 386-387, 388, 544* 
Quinone-hydroquinone system, 387- 
388 

-imine, 395 
-monoxime, 389-390 
vat dyes, 560-563 

Quinones, 386-387, 388, 458, 461, 465 
R-salt, 457 

Racemic compound, 222, 224, 226 
„ Racemic-tartaric acid, 217 
Racemization, 229, 616 
Radioactive isotopes, 618 
Rayon, 320 

Reaction rates, acid chlorides, 91-92 
alcohols and hydrogen halides, 24 
alkyl halide's, 26, 619 
aromatic substitution, 450-451 
bromination of ketones, 238 
factors involved, 14, 96-97 
organic halides in metathesis, 278, 
434 

Walden’s inversion, 618-621 
Rearrangements, see molecular rear- 
rangements 
Reducing sugars, 318 
Reduction, see also hydrogenation 
anthracene, 460 
alcohols, 41-42 
aldehydes, 114-116 
alkyl halides, 42 
aromatic ketones, 411 
dimolecular, 116 

electrolytic — of urea nitrate, 252 
esters, 99-100 
ketones, 114-116 
naphthalene, 450-451 
nitriles, 155, 158 

nitro compounds, 158, 365, 373-376 
oximes, 158 
quinone, 387-388 

unsaturated carbonyl compounds, 
294-295 

Reformatsky reaction, 210 
Reichert-Meissl number, 189 
Reimer-Tiemann reaction, 408 
Resins, see also polymerization 
acryloids, 280-281 
Bakelite, 354, 435 
phthalic acid resins, 427 
styrene resins, 444 
urea resins, 249 


vinyl resins, 276-277 
Resonance, 259 
anthracene, 460 
benzene, 329-330 
carbon monoxide, 260 
carbonium salts, 439 
carboxyl group, 260 
chelate rings, 261 
diazonium ion, 378, 382 
guanidine, 260 
guanidinium ion, 258-259 
imidazole, 516-517 
in color formation, 545 
naphthalene, 451 
phenanthrene, 465 
pyrazole, 516-517 
pyrimidines, 510, 515-516 
pyrroles, 511 

triphenylmethane dyes, 552 
urea, 260-261 

Resorcinol (resorcin), 385, 390 
Resorcyl amyl ketone, 410 
Respiratory enzymes, 528-529 
Restricted rotation, 621-622 
Reversible reactions, 96 
Riboflavin, 528 
Ribose, 303, 526, 528 
configuration, 624 
Rodinal, 395 
Rosaniline, 553 
Rosin, 187, 505 

Rotation, free and restricted, 288, 
621-622 
Rubber, 75-79 
Ruzicka, 479 

Saccharase, see invertase 
Saccharic acid, 299 
Saccharin, 428 
Saccharose, see sucrose ■ 

Salicin, 434 
Salicyl aldehyde, 408 
Salicylic acid, 422-423 
Saligenin, 434 
Said, 422-423 
Salvarsan, 538-539 
Sandmeyer reaction, 380, 417 
Saponification number, 189 
Saponification of esters, 98-99 
Sapogenins, 505 
Saponins, 505 

Saturated hydrocarbons, see hydro- 
carbons, saturated 
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Scheele, 524 

Schiff’s reagent, 124, 303 
Schotten-Baumann reaction, 418 
Schweitzer’s reagent, 317 
Scopolamine, 535 
Sebaeic acid, 196* 

Secondary alcohols, 
aliphatic, 

dehydration, 60, 138-139 
definition of, 11 
oxidation of, 105-106 
preparation, 120 
relative reactivity, 24, 92, 99 
aromatic, 436-437 
Secondary amines, 
aliphatic, 155, 160, 161 
preparation, 159, 367 
aromatic, 364, 366, 367, 371 
in coupling reactions, 381 
with nitrous acid, 367 
Selenium, dehydrogenation, 484, 497 
Selenium dioxide, 193, 412 
Semicarbazide, 122, 252 
Semicarbazones, 122 
Serine, 569* 

Serum albumin, 585* 
globulin, 582 
Sesqui-terpenes, 492, 505 
Sex hormones, 497-501 
silk, 580 

silk artificial, 320-321 
Silver aeetylide, 71 
Silver fulminate, 256 
Skatole, 575 

Skraup synthesis of quinoline, 521- 
522 

Smokeless powder, 319 
Soap, 186-187 
Sodamide, 235, 243-244 
Sodium acetate, 87 
acetoacetic ester, 232 
aeetylide, 71 

benzene sulfonate, 348, 349 
benzoate, 422 
ethylate, 19 

hydrosulfite, 461-462, 558 
ketyls, 443 
malonic ester, 239 
oxalate, 198 
phenolate, 349, 352 
salicylate, 422 
Solid alcohol, 17 
Sorbite, see sorbitol 


Sorbitol, 191, 299, 302 
Soxhlet extractor, 118 
Soy bean oil, 184, 189 
Specific rotation, 220 
Spermine, 169 
Squalene, 599*, 600 
Starch, 314-317 
alcohol formation, 16 
plant synthesis, 597* 

Stearic acid, 83*, 183, 186 
Stearin, 186 
Stearyl alcohol, 18, 187 
Stereochemical formulas, 

plane representations, 226-227, 
613-616 

three dimensional diagrams, 223, 
226, 479-480 

Stereoisomerism, see also optical and 
geometrical isomerism 
of allenes, 621 

of cyclic compounds, 479-481 
of diphenyls, 621-622 
methods of establishing configura- 
tions, 612-620 
Steric hindrance, 420-422 
Sterols, 492-497 
Stilbene, 444, 465 
Storax, 435 
Strainless rings, 477 
Strain theory, 475-476 
Structural formula, 5, 7 
Strychnine, 537* 

Strychine alkaloids, 537* 

Styrene, 443 
Suberic acid, 196* 

Substitution reactions, acids, ali- 
phatic, 100-101 
aldehydes, 125 
anthracene, 460 
anthraquinone, 462 
benzene and derivatives, 333, 342, 
342-347 

hydrocarbons, aliphatic, 49-50 
ketones, 124, 288 
naphthalene, 452, 453-454 
phenanthrene, 465 
Substrate, 529, 591 
Succinamic acid, 205 
Succinamide, 205 
N-methyl, 534 
Succinic acid, 196*, 202, 285 
anhydride, 202-203 
Succinimide, 205 
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Sucrose, 311-312 
Sugar, cane, see sucrose 
Sugar of lead, 88 
Sugars, 298-318 
configuration of, 622-628 
Sulfanilamide, 540 
Sulfanilic acid, 367-368, 548 
Sulfapyridine, 540 
Sulfhydryi group, 264 
Sulfides, alkyl, 266 
Sulfobenzoic acid,-o, 428 
„ Sulfonal, 269 
Sulfonamides, 349-351 
Sulfonated soaps, 187 
Sulfonation, 333, 348, 367-368 
Sulfones, 267-269 
Sulfonic acids, 
alkyl-, 265-266 

aromatic-, see aryl sulfonic acids 
Sulfonium bases, 267 
Sulfonium salts, 267 
Sulfonyl chlorides, 349, 350-351 
Sulfoxides, 267 

Sulfur analogs of carbonic acid, 269- 
273 

Sulfur black, 562 
compounds, 264r-273 
dyes, 562 

Sulfur dehydrogenation, 484 
Syn oximes, 406 
Syntheses, illustrations of, 
aliphatic compounds, 141-147 
aromatic compounds, 396-399 

Tallow, 183, 189 
Tannic acid, 391, 424 
as mordant, 555 
protein precipitant, 584 
Tanning, 424 
Tannins, 424-425 
Tartar-emetic, 555 
Tartaric acids, 210, 216-217 
configurations, 615 
isomerism of, 225-227 
Taurine, 495 

Tautomerism, 233, see also enoiization 
amides, 253 
cyanic acid, 253 
/3-diketones, 231-238 
hydrocyanic acid, 253 
imidazoles, 516 
/3-ketonic esters, 231-238 
nitrosophenols, 389-390 


phenols, 391-393 
pyrazole, 516 
pyrimidines, 515, 523 
quinone monoxime, 389-390 
uric acid, 524 
Tear gas, 125 
Terephthalic acid, 429 
Terpenes, 
cyclic, 488-491 
open chain, 491-492 
sesqui-, 492 
Tertiary alcohols, 
aliphatic, 11, 24 
catalytic dehydration, 60 
oxidation of, 106 
preparation, 120, 142 
relative reactivity, 24, 92, 99 
aromatic, 436-437 
Tertiary amines, 
aliphatic, 155, 156, 

159, 160, 161 

reaction with hydrogen peroxide, 
167 

aromatic, 364, 3 66, 367, 371, 380 
Tertiary carbinols, aromatic, 436- 
437 

Testicular hormones, 500 
Testerone, 500 
Tetra-azoporphyrins, 609 
Tetrachioro-benzoquinone, p-, 389 
-ethane, 70, 135 
-ethylene, 135 

-methane, see carbon tetrachloride 
Tetradecane, 40* 

Tetrahedral carbon atom, 222 
Tetrahydronaphthalene, 450 
Tetralin, 483-484 

Tetramethylammonium hydroxide, 
162 

iodide, 162 

Tetramethylbenzenes, 338* 
Tetramethylene-diamine, see putres- 
cine 

Tetramethylene-glyeol, 179* 
Tetramethyl glucose, 310 
Tetramethylmethane, 44* 
Tetramethyl methyl glucoside, 310 
Tetraphenyl ethylene, 444 
-ethylenedichloride, 444 
-methane, 440* 

Theobromine, 526, 536 
Thermal decomposition, 51, 53-54 
Thermo-labile enzymes, 591 
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Theory of linkages, 5-6 
Thiamin, see Vitamin Bi 
Thiazole, 509, 510 
Thiele, Johannes, 293 
benzene formula, 331-332 
partial valence theory, 294 
Thio-acetic acid, 265 
-acids, 265 
-carbamide, 273 
-earbanilide, 273 
-cyanates, 272 
-cyanic acid, 270 
-esters, 265 

-ethers, see alkyl sulfides 
-indigo, 560 
-urea, 273 
Thiokol rubber, 79 
Thionex, 271 
Thiophene, 508 
Threonine, 569* 

Threose, d-, 625 
Thymine, 523 
Thymol, 355 
Thyroglobulin, 594 
Thyroxine, 570*, 594 
Tincture, 17 

T.N.T., see trinitrotoluene 
Toad poisons, 504 
Tobacco alkaloids, 537 
Tocopherol, 600 
Toluene, 325, 336, 338 

benzaldehyde preparation, 401- 
402 

chlorination products, 342 
halo derivatives, table, 341 
nitration products, 359 
-sulfonamide, p-, 350 
Toluic acids, 420 
Toluic aldehyde, p-, 407 
Toluidines, 364*, 366 
synthesis, 398 
Tolyl group, 339 
Trans isomers, 287 
Triacetin, 181, 184 
Triamino-triphenylmethane, 553 
Triaryl-carbinols, 437-439 
-methanes, 440-441 
Tribromo-aniline, 2,4,6-; 362 
-benzenes, 334 
-ethyl alcohol, 115 
-phenol, 2,4,6-; 355-356 
-phenolbromide, 355-356 
Tributyrin, 186 


Trichloro-aeetic acid, 208 
action of heat, 200 
protein precipitation, 584 
-acetone, 126 
-methane, see chloroform 
Tridecane, 40* 

Tridecylic acid, 83* 

Triethanolamine, 176 
Triethylsulfonium iodide, 267 
Trihydroxybenzene, 1,2,4-; 385* 

1,3,5-, see phloroglucinol 
1,2,3-, see pyrogallol 
Trihydroxybenzoic acid, 3,4,5-, see ' 
gallic acid 

Trihydroxyglutaric acid, 623 
Trihydroxypyrimidine, see uric acid 
Trilinolein, 184, 185 
Trimethoxy glutaric acid, 310 
Trimethyl-acetaldehyde, 118 
-acetic acid, 180 
-amine, 156*, 157, 160, 167 
-ammonium chloride, 157 
-benzene, 1,3,5-; see mesitylene 
-2,6- dioxy purine, 1,3,7-; see caf- 
feine 

-ethylene, 62* 
naphthalene, 505 
pyridine, 513 

-pyrylium chloride, 2,4,6-; 518 
-xanthine, see caffeine 
Trimethylene, see cyclopropane 
Trimethylene bromide, 177, 471 
glycol, 177, 179* 

Trinitro-aniline, 2,4,6-, see picramide 
-benzene, 360 

-chlorobenzene, 2,4,6-, see picryl 
chloride 

-phenol, 2,4,6-, see picric acid 
-toluene, 2,4,6-; 359-360 
Triolein, 183, 184, 185 
Trional, 269 
Trioses, 315 
Trioxy methylene, 113 
Trioxypyrimidine, see uric acid 
Tripalmitin, 183, 184 
Tripeptide, 577 
Triphenyl-amine, 364*, 371 
-carbinol, 437-438, 439 
-chloromethane, 438 
-methane, 440-441, 553 
dyes, 551-555 
-methyl, 441-443 
sodium, 441 
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Tristearin, 183, 184 
Triterpenes, 505 
Trivalent carbon atom, 442 
Tropic acid, 534 
Tropine, 534, 535 
Tropinone, 534, 535 
Trypsin, 576, 593* 

Tryptophane, 570* 

Tuads, 271 
Tung oil, 184, 189 
Turkey red, 555 
. Turpentine, 489 
Twitchell’s reagent, 186 
Tyrian purple, 560 
Tyrosine, 569* 
test for, 592 

Ultra-centrifuge, 585 
Undecane, 40* 

Undecyclic acid, 83* 

Union colors, 549 
Unsaturation, 59 
Unsaturated alcohols, 275-279 
alicyclic compounds, 483-484 
carbonyl compounds, 279-294, see 
also aldehydes and ketones 
ketones, 284-293 
Uracil, 523 
Urea, 246, 249-250 

as source of cyanic acid, 252 
sulfur analog, 273 
alkyl derivatives of, 252 
nitrate, 249 
Urease, 250, 591, 593* 

Ureides, 250-251, 523 
Urethanes, 247-248 
from cyanic acid, 254-255 
from urea, 254 
Uric acid, 523-525 
Urotropine, 129 

Valence angles, 475 
electrons, 164 

polar, semi- and non-polar, 164-166 
Valeraldehyde, n-, 107* 

Valeric acid, n-, 83* 

Valine, 569* 

Vanillin, 409, 436 
Vaseline, 51 
Vat dyes, 557-562 . 

Vegetable oils, 183, 184-185 
Veronal, 251 
Vicinal form, 334 


Vinegar, 86-87 
Vinyl group, 275 
acetate, 275-276 
-acetic acid, 282-283 
-allyl alcohol, 277* 
alcohol, ^75 
bromide, 275-276 
chloride, 276 
esters, 276-278 
-ethyl-earbinol, 277* 
halides, 275-276 
Vinylite, 277 
Virus, filterable, 590 
Virus, proteins, 590 
Viscose, 320 

Vitamins, definition, 501 
A, 603-604 
B complex, 527 
Bi, 527-528 
B 2 , 528 
B 6j 527 

C, 311 

D, 501-503, 603 

E, 600 

Nicotinic acid, 527 
Vulcanization, 75-76, 271 

Walden’s inversion, 616-621 
Warburg’s yellow enzyme, see flavo- 
protein 
War gas, 

bromoacetones, 125 
mustard gas, 266-267 
Water gas reaction, 13 
Waxes, 190-191 
Williamson, A. W., 35 
Witt, O., classification, 545-546 
Wohler, F., 249, 529 
Wood alcohol, see methyl alcohol 
Wood distillation, 15 
Wurtz, A., 42 

Wurtz-Fittig synthesis, 337 

X-ray measurements, 259, 580-581, 
609 

Xanthates, 270, 320 
Xanthic acids, 270 
Xanthine, 527 
Xanthogenic acids, 270 
Xanthophyll, 599*, 603 
Xanthoprotein-reaction, 592 
Xerophthalmia, 603 
Xylenes, 325*, 336 
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Xylitol, 191 
Xylose, d-, 302 
configuration, 624 
Xylyl group, 339 

Yeast, 15, 16 

Yeast nucleic acids, 523-524 


Zein, 582, 583, 585* 

Zerewitinoff determination, see active 
hydrogen determination 
Zinc alkyls, 28-29 
Zingerone, 412 
Zwitterion, see inner salts 
Zymase, 15, 593* 


